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ABSTRACT OF THE DISSERTATION

Exploration and Characterization of Thin Film Materials for Future Battery and Memory

Device

by

Ryosuke Shimizu

Doctor of Philosophy in Nanoengineering
University of California San Diego, 2023

Professor Ying Shirley Meng, Chair
Professor Jian Luo, Co-Chair

Lithium-ion batteries have been growing rapidly for the past few decades, finding
application in portable devices such as cell phones, and laptop computers. Recently, the surging
demand for electric vehicles and grid storage necessitates the development of safer batteries
that offer higher performance, longer life, and lower cost. Spinel-type LiNiosMn1504 (LNMO)
stands out as a promising cathode material for 5 VV-class Li-ion batteries enabling high energy

density and low material costs. However, common carbonate-based liquid electrolytes suffer
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from oxidative decomposition under high voltage, resulting in continuous cell degradation. In
contrast, certain solid-state electrolytes have a wide electrochemical stability range and can
withstand the required oxidative potential. In this study, we test a thin-film battery comprising
an LNMO cathode with a solid lithium phosphorus oxynitride (LiPON) electrolyte and
characterized their interface before and after cycling. Utilizing Li metal as the anode, this
system can deliver stable performance for 600 cycles with an average Coulombic efficiency
exceeding 99%. Neutron depth profiling reveals a slight overlithiated layer at the interface prior
to cycling, a result that is consistent with the excess charge capacity measured during the first
cycle. Additionally, cryogenic electron microscopy indicates intimate contact between LNMO
and LiPON without any noticeable structure or chemical composition evolution after extended
cycling, underscoring the superior stability of LiIPON against a high voltage cathode. These
findings accelerate the commercialization of a high voltage cell with solid or liquid electrolytes.

In addition to thin film batteries, the thin film platform of battery materials offers
another potential application in the form of a resistive switching device for future computing.
With conventional silicon-based memory devices approaching their quantum mechanical
limits, it is imperative to seek new functional materials to replace them. Therefore, in this thesis,
solid-state electrolyte lithium lanthanum titanate (LLTO) is explored as a resistive switching
device, and its material properties are investigated through micro and macroscopic
characterization. Electronic conductivity changes that provoke the LLTO switching are
investigated experimentally and computationally through the comparison of LLTO with
different oxygen compositions, under the hypothesis that oxygen vacancy plays a role in
altering local LLTO conductivity. Based on those data, switching mechanisms are proposed as

filament growth created by local conductivity change through a simplified model.
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Chapter 1 Background and Introduction
1.1 Lithium-ion battery - Demands as Energy Storage

Within a few decades, global warming has been an issue and government, researchers,
industries, etc. have been trying to solve this problem with developing sustainably. Greenhouse
gas including CO», CH4 and N2O is considered to cause the global warming and emitted by variety
of sectors as shown Figure 1.1, In the largest category (inner pie chart in Figure 1.1), energy sector
occupies about three quarters of the total gas emissions, in which energy sector consists of
electricity, heat and transport. To reduce the emissions, energy storage such as batteries plays an
important role. For instance, electrification of vehicles by replacing conventional combustion
engines with motor and battery directly contributes to reduction in greenhouse gas emissions or
potentially zero-emission. This electrification can influence other sectors, such as motorcycles,
farming tools/vehicles, airplanes, which rely on combustion engines as a power train. Furthermore,
energy storage can maximize the use of green energy e.g. made by photovoltaic (PV, also known
as solar) power. Solar cell devices that convert solar power to electricity, and, thus, are regarded
as sustainable energy resources. These are equipped on roofs of houses and parking lots in a small
scale or arranged in vacant land as a “mega-solar” power plant. Although, solar power seems
almost perfect solution to generate electricity without CO>, there is a mismatch of supply and
demand in an actual situation. While electricity supply generated by PV cells in daytime around
noon, the demand for the electricity peaks at around evening, when majority of people go back
home from work and start using electricity at home? (Figure 1.2). Such a mismatch between the
supply and demand causes some loss of the generated energy, leading to inefficient use of energy.
To address it, energy storage can be used as a grid storage, where batteries store electricity

generated by PV cells in daytime and provide it when it is needed in evening time. As exemplified



above, battery technologies are necessary in our daily life and future to slow down or stop global

warming.
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When lithium-ion batteries were first commercialized, they were utilized as a rechargeable
power source in portable devices such as cell phones and laptop computers. In such devices, only
one or a few cells (packs) were needed since required power and capacity was relatively not so
much and they were easily charged every day. However, as the demand for the batteries to electric
vehicles (EV) and grid storage increases, more cells with higher performance such as more
capacity and longer cycler life are needed. Figure 1.3, indeed, demonstrates sales of (fully) electric
vehicle (e.g. Tesla) significantly grows within past ten years while hybrid electric vehicle (e.g.
Prius from Toyota), meaning simply more batteries are needed, and additionally higher capacity

and long life cycles are required to guarantee the quality and performance of the EVs.
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Figure 1.3 Hybrid-Electric (HEV), Plug-in Hybrid-Electric (PHEV) and Electric Vehicle (EV) Sales in
US vs. year®.

1.2 Lithium-ion battery - Basic Mechanism

In the previous section, | explained the need for batteries as an energy source and storage
has been exponentially growing. In this section, the basic mechanism of conventional lithium-ion
batteries is focused. Major components of Li-ion battery are two electrodes (cathode and anode),
electrolyte, and separator. In a Li-ion battery, lithium ions are shuttled between cathode and anode

electrodes through liquid electrolyte and electrons migrate through external circuit, resulting in



charge and discharge of a cell. During the charging process, Li ions are deintercalated from a
cathode material, flow inside the electrolyte, and then intercalated into an anode material. The
reactions happening in each electrode are shown as follows with using LiCoO; as a cathode and
graphite (C) as an anode, which are most popular electrode materials*:
LiCo0, = Li;_,C0o0, + xLi* + xe~ (cathode)
C + xLi* + xe™ = Li,C (anode)
On cathode side, Li ions and electrons are extracted from cathode with the oxidation reaction of

cobalt from 3+ to 4+ to compensate total charge.
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Figure 1.4 Schematic picture of the commercialized Li-ion battery, where LiCoO; as a cathode and graphite
as an anode are in electrolyte with Li* salt*.

Theoretical cell voltage, E, is thermodynamically determined by the equation Ay = —zFE,
where Ay is difference of lithium chemical potential between two electrodes, z is the number of

charges, F is Faraday constant®. From this equation, it is found that to establish higher-voltage



battery, aiming for batteries with higher power and higher energy density, anode should have lower
reduction potential and cathode should have high oxidative potential®. Not only voltage value but
also voltage curve is an important factor to determine cell quality and to interpret essential
reactions inside cells. As shown in Figure 1.5, voltage curve of each cathode material varies and
are classified to two types: flat (LiFePOs, LiFeSO4F) and slopy (LiCoO2, LiNio.33C00.33Mng.3302,
etc.) lines. To understand how the voltage curve behaves, Gibbs phase rule should be considered,
which is represented as F = C — P + 2. Here, C is the number of components present, P is the

number of phases present, and F is the number of degrees of freedom.

50 ——
< L|N|0 33C00 33Mn0 3302
S 457
= o= LiCoO,  LiNi  ,Co Al O,
| - S
g)' LIMn2O~‘ \*ﬁ/
.(—E 3.5‘L—
i= LiFePO
2 30! .
= LiFeSO F
2.5 T I‘ T I‘ T
0 50 100 150 200 250

Specific Capacity (mAh g™)

Figure 1.5 Voltage curve of typical cathode materials.

1.3 All solid-state battery

Currently, the batteries used in EVs and HEVs consist of electrodes and liquid electrolyte.
However, conventional batteries have a risk of fire due to organic solvent inside. All the
automobile companies that sell EVs or HEVs attempt to protect battery system in the vehicle from
electric shortening, fire, and physical destruction due to crash and tough environments such as
flooding and high and low temperature. Therefore, it is natural to explore alternative, inflammable

electrolytes. One of the solutions is to use solid-state electrolyte. Commercialization of solid-state



batteries would be able to not only make vehicle safe but also reduce parts that have been used for
the protection of battery systems, such as solid case covering battery modules or sensors working
to detect a crash and stop the electric supply. This is more applicable to vehicles with more batteries
such as PHEVs and EVs. Consequently, replacing liquid electrolytes to solids electrolyte leads to
reducing the total weight of a vehicle and lead EVs, resulting in longer all-electric range per one
charge.

From the viewpoint on the material level, using solid electrolyte is also beneficial. Because
some solid electrolytes have a voltage window around 5 V, which is a highly oxidative
environment for conventional liquid electrolyte, they are usable with high voltage cathode
materials such as LiNigsMn1504 (LNMO)™ !, Furthermore, solid state batteries are free from the
issue of transition metal dissolution from a cathode, which occurred in batteries with liquid
electrolytes®2-14. On the anode side, proper choice of solid electrolytes potentially enables us to
utilize Li metal, leading to high energy density when they are packaged as a cell.*®

Among solid electrolytes, there are two promising types of solid electrolytes, sulfide-based
electrolytes, and oxide-based electrolytes. Sulfide-based solid electrolytes mostly have higher
ionic conductivity (~10° to 102 S cm™) than oxide-based one (~10 to 10 S cm™) as summarized
in Figure 1.6. This is because sulfide ions are larger than oxide ions, so the channels where lithium
ions pass through are wider. In addition, because sulfide ions have higher polarizability than oxide
ions, the framework consisting of sulfide is less attractive to Li ions than the oxide framework.
Therefore, Li ions are likely to be more movable, which results in higher ionic conductivity.
Another advantage of sulfide-based solid electrolytes is that they are soft materials. Thus,
electrolyte particles can be densely packed, which leads to low grain boundary resistance®.

However, ionic conductivity is not only the critical factor to determine solid electrolytes, but



chemical and electrochemical stability should also be considered. The problem of sulfide-based

solid electrolytes is chemical instability against humidity in the atmosphere, which requires careful

moisture control, particularly, in the manufacturing phase. Muramatsu et al., for example, studied

the structural change of solid electrolyte L2Ss-P2Ss. They investigated the amount of harmful H2S,

which is generated from L>S-P>Ss by its decomposition after exposure to the air with

humidity?’.Compared to Sulfide-based solid electrolytes, oxide-based ones are chemically more

stable and, thus, various types of oxide-based solid electrolytes have been investigated.
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When we select solid state electrolyte for solid state battery, electrochemical stability,

where electrolytes are coupled with cathode and anode under a certain electric potential during a

battery operation, should be considered, as well as ionic conductivity. Figure 1.7 shows

electrochemical stability window of various solid electrolytes predicted by computation®®,

representing that voltage stability, especially high voltage side, is depending on anions in the



electrolytes. When the battery is operated, chemical potential shifts higher in anode and lower in
cathode. If these shifts exceed the electrochemical window of the solid electrolyte, the electrolyte
is decomposed, forming solid electrolyte interphase (SEI) and cathode electrolyte interphase (CEI)
(Figure 1.8)%. Thus, while sulfur-electrolytes has narrow stability window that tend to cause
decomposition during cell operation and form SEI/CEI at the interface, oxide-type is stable at high
voltage but at low voltage. Therefore, sulfur-type electrolytes require the study to engineer SEI
and CEI formation to make system stable, not interfering cycling reaction once they are formed.
On the contrary, oxide-type electrolytes need to focus more on anode/electrolyte interface,
especially Li/electrolyte interface, since it is intrinsically stable against oxidation reaction at the
cathode side.

In the later sections, lithium phosphate (LisPOa, or LPO), lithium phosphorous oxynitride
(LiPON), and lithium lanthanum titanate (LLTO) are explained more in details because the
fabrication method of these thin film (sputtering and pulsed laser deposition) is suitable for oxide-

type electrolytes, where oxygen can be introduced during the deposition.

2 3 4 5 6
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Figure 1.7 Electrochemical stability window of various solid electrolyte materials, studied by first-
principles methodology™®.
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Figure 1.8 Schematic diagram of HOMO and LUMO of the different types of electrolytes against cathode
and anode chemical potential: (a) Sulfur-type and (b) oxide-type electrolyte?.

1.4 All solid-state thin film Battery

All solid-state thin film batteries are one type of solid-state batteries. It comprises layers of
thin films deposited by physical vapor deposition (PVD), chemical vapor deposition (CVD),
and/or atomic layer deposition (ALD). Compared to porous, bulk batteries, thin film batteries have
micron to tens of microns of thickness and each layer is densely packed and stacked, where
electrode/electrolyte interface is in good contact even without external pressure. Such small-sized
features can fit semiconductor chip production, enabling us to integrate it use it in wearable device,
devices for 10T (internet of things), medical implants, energy harvesting, and smart cards?..

Although the first Li-based thin film battery was invented in 1969 by Liang and Bro as
Li/Lil/Agl system??, the breakthrough that leads to modern thin-film lithium rechargeable batteries
has been made by the invention of lithium phosphorous oxynitride (LiPON) by Bates et al?® from
Oak Ridge National Lab (ORNL), USA. Typical thin-film batteries are fabricated as shown in
Figure 1.9 and various kinds of substrates, electrodes, and electrolytes are selected. To avoid
unwanted electrical leakage, substrates are typically selected from insulative material such as

Al>03 or SiO; coated Si wafer, which are easy to access and process. On top of the substrate, layers



of cathode, solid electrolyte, and anode, as well as current collectors, are deposited by PVD, CVD,
or ALD. The cell needs to have protective coating to protect air-sensitive electrodes/electrolyte
from air-exposure when it is cycled outside of the glovebox. In the early stage of the development
researchers including ORNL group has invented various types of thin film batteries with LiPON
as an electrolyte, for instance, lithium-ion thin-film batteries (V20s?* or amorphous silicon tin
oxynitride as an anode?®), lithium-metal thin film batteries?®° (Li-metal as an anode), and lithium-
free thin-film batteries®® (also known as anode-free batteries). Currently, numerous types of
materials are selected as cathode, anode, and electrolyte, as performance of these materials are
verified in bulk batteries (see Figure 1.10), and further improvement of the fabrication process and

cell performance are critical for both fundamental study and device application.
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Figure 1.9 Schematic illustration of typical thin film battery3.
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Figure 1.10 Various materials that has been used for thin-film batteries: (a) Anode materials, (b) cathode
materials, and (c) electrolyte materials?..

1.5 Thin-film battery materials
As discussed in the previous section and shown in Figure 1.10, various materials have been used
as thin film batteries. Here, | will focus on three materials that are important for my dissertation
research: High-voltage cathode material LiNiosMn1504 (LNMO), glassy solid electrolyte lithium
phosphorous oxynitride (LiPON), and high conductivity solid electrolyte lithium lanthanum
titanate (LLTO).
1.5.1 5 V-class High Voltage Cathode Material: LiNio.sMn150a4

Spinel-type cathode material, LiNiosMn1504 (LNMO) has been attracting significant
attention due to its high operating voltage and low material cost (Co-free). In stoichiometric

LNMO, all Li atoms sit in 8a tetrahedral sites and are intercalated/deintercalated reaction during
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normal operation at above 3.5 V, giving voltage plateau at 4.7 V corresponding to Ni redox
reaction between 4+ and 2+. In a cell using LNMO, voltage range is generally set between 3.5 V
and 5.0 V, where Li composition changes from 0 to 1 in the stoichiometry LixNiosMn150a4.
However, LNMO can accommodate more Li than 1 by transforming its cubic structure to
tetragonal structure, where Li atoms sit in 16¢ octahedral sites, instead of 8a sites, and structure is
elongated in c direction due to Jahn-Teller distortion of transition metal octahedrons. This phase
transformation is reversible reaction as shown in Figure 1.11 (a) and by Kawasoko et al*2. In their
work, they achieved to double the cell capacity although the voltage is about 3 V in the half of the

charge and discharge capacity.
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Figure 1.11 LNMO voltage and structure. (a) Voltage curve at 2 - 5 V, (b) structural change below 3 V,
and (c) summary of voltage, redox reaction and LNMO phase.*®

While such high operating voltage is an attractive characteristic, e.g., for the application to
EVs, the cell using LNMO suffered from limited cycle life due to severe degradation. In particular,
when LNMO is coupled with conventional liquid electrolytes (LiPFs salt with carbonate-based
solvent), the electrolyte experiences high oxidative environment on the cathode surface during
charging or storage after charge, leading to electrolyte decomposition®-¢. To avoid the negative
reactions between LNMO and liquid electrolytes, proper passivation layers are required to be

formed artificially by coating®” or chemically by additives®’, helping further corrosion reaction on
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cathode surface. Another solution is to replace liquid electrolyte with solid electrolyte, which can
prevent transition metal dissolution and migration from cathode to anode®*3¢, As an example, the
coupling LNMO cathode with LiPON solid electrolyte will be illustrated in the next section.

Thin film LNMO was firstly fabricated by electrostatic spray deposition by Mohamedi et
al.>® and, later then, by pulsed laser deposition (PLD) by Xia et al***!, Voltage curve of their
LNMO film represents almost identical to that of bulk LNMO electrode, meaning there is no
impurity phase formation in the film. Moreover, Konishi et al. have developed an epitaxial LNMO
thin film, which has a specific crystalline orientation by choosing a SrTiO3z substrate with similar
lattice parameters®. The films with the controlled crystalline orientation facilitated to clarify
crystalline-orientation dependent surface reactions with coating materials and electrolytes*3#4,
1.5.2 Glassy Solid-State electrolyte: LiPON

Lithium phosphorous oxynitride (LiPON) has been one of the key solid-state electrolyte
materials since its development*® that pioneered lithium rechargeable thin-film batteries due to its
accessible fabrication process (RF sputtering), decent ionic conductivity (~10® S/cm), and
compatibility against various cathode and anode materials. Indeed, most of the early development
of thin-film battery employed LiPON as mentioned in section 1.4, and LiPON is still used as a
solid-state electrolyte or coating material®®*’ to avoid direct contact between cathode and
electrolyte.

LiPON has been coupled with LiCoO, (LCO)*®%° LiMn0s (LMO)55?
LiNiosMno2C0020. (NMC622)%, and LiFePOs. Owing to its high oxidative stability, LiPON
retains its functionality upon combination with high voltage cathode materials such as LNMO or
NMC, or operation at high voltage. For instance, Li et al. demonstrated long-term stability of

LiPON against LNMO in LNMO/LiPON/Li thin-film battery®*. Their cell cycles exhibited great
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capacity retention (90.6%) and coulombic efficiency (99.98%) after 10,000 cycles (Figure 1.12 (a)
and (b), respectively), where irreversible capacity loss was minimal and voltage curve was
identical with each other (Figure 1.12 (c) and (d), respectively). This result explicitly indicates
LiPON’s stability against a highly oxidative environment, in which conventional liquid electrolyte
cannot survive. Furthermore, the long-term, stable cycling performance also demonstrated that
LiPON has reduction stability against Li metal anode, while most of solid-electrolytes are

thermodynamically or chemically not compatible with Li metal*®>>>7,
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Figure 1.12 Cycling performance of LNMO/LiPON/Li metal thin-film battery®. (a) Capacity vs. cycle
number, (b) Coulombic efficiency vs. cycle number, (c) cumulative irreversible charge capacity vs. cycle
number, and (d) Voltage profile of the cell up to 10,000 cycles.
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Until recently various aspects of LiPON and its interface have been directly and indirectly
investigated, such as fabrication process, and (electro-)chemical compatibility, since interfacial
resistance at a solid electrode and electrolyte interface is crucial to have better efficiency, cycle
life, and rate performance. For example, Haruta et al. studied LiPON/LCO interface, measuring
interfacial resistance with changing sputtering configuration®®. They fabricated thin film batteries
that consist of LCO cathode, LiPON electrolyte and Li anode on Al.Oz single crystal substrate
with a gold current collector, where LiPON were deposited by sputtering in on-axis or off-axis
configurations. The the thin film batteries properly worked with 97% coulombic efficiency after
100 cycles and electrochemical impedance spectroscopy (EIS) demonstrated 8.6 Q cm? of
interfacial resistance in Li/LiPON/LCO structure, where LiPON film was deposited by sputtering
in off-axis configuration. In contrast, the thin film battery with LIiPON deposited in on-axis
configuration show about a hundred times higher resistance, 880 Q cm?, representing that the
sputtering configuration makes difference in the interfacial resistance due to the sputtering damage
on the LCO surface by nitrogen atoms. It is, therefore, confirmed that surface conditions such as
damage and contamination through sputtering process directly affects interfacial resistance.

Kawasoko et al. also pointed out the importance of keeping interface clean and to mitigate
the resistance®?°%_ In their work, LisPO4 (LPO), which is source material of LiPON and has
similar oxidation stability, is used as a solid electrolyte, and their deposition procedures were all
done inside vacuum chamber, where there is no risk of air-exposure. As a result, surprisingly, the
interface resistance of the LNMO/LPO interface was 7.6 Q cm?, which was much smaller than that
observed in liquid-electrolyte-based batteries with LNMO (28.7Q cm?).

Till now, various studies have demonstrated stable, long-term stability of LiPON, paring

with different cathode materials, followed by impedance spectroscopy to seek interfacial
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resistance. However, little study has been done about direct observation at such interface,
especially morphology and chemistry. This might be partially attributed to intrinsic air- and beam-
sensitivity of LiPON®!, which makes it difficult to utilize electron microscopy techniques. By
overcoming such research background and technical difficulty, our study in Chapter 3 firstly
elucidate interface stability of high voltage cathode material LNMO and LiPON by using neutron
depth profiling and cryo-electron microscopy.
1.5.3 Highly lonic Conductive Solid-State Electrolyte: Amorphous LLTO

LisxLax3xTiOs (LLTO) is another promising solid electrolyte and has higher bulk ionic
conductivity (~10° S cm™), than that of LiPON (~10° S cm™), which is advantageous as well as
negligible electronic conductivity and electrochemical stability. Like other solid electrolytes, since
ceramic feature of LLTO is basically free from flammability, it is expected to be able to replace
conventional organic-liquid electrolytes. Moreover, composition dependency of LLTO ionic
conductivity was studied and plotted in Figure 1.13, which shows Lig.ssLaoss TiO3 has highest ionic

conductivity at 1.1x107* S/cm.5?
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Figure 1.13 lonic conductivity of LisxLaoe7xTiO3 as a function of Li composition x.
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However, there are several things to be improved. One of the major challenges is low grain-
boundary conductivity (<~10° S cm™). Despite its high bulk ionic conductivity, low grain
boundary conductivity impairs effective ionic conductivity to ~10° S/cm. To overcome this issue,
various kinds of approaches have been tried: introducing silica (~1x10~* S/cm)6384 and
LLZO566 (1.2 x1074 S/cm), doping Al (2.95 x102 S/cm)®’ or other elements (e.g. Cr, Zr, Mn, V,
Nb, Ta, W, and Mo), and so on®. Amorphous structure is inherently free from grain boundary,
amorphization of LLTO can be another direction. Lee et al. from our group explored amorphous
LLTO (a-LLTO) instead of crystalline LLTO®, as well as other researchers employing PLD®:"
and sputtering’*. They fabricated a-LLTO with varying O pressure and temperature conditions
and maximized ionic conductivity of thin film LLTO. lonic and electronic conductivity of LLTO
thin films deposited at different temperatures is plotted in Figure 1.14. As shown in Figure 1.14,
ionic conductivity has a maximum value at 400°C. Furthermore, selected area electron diffraction
(SAED) of a-LLTO deposited at 600°C showed both amorphous diffuse ring and diffuse

diffraction spots, which means LLTO begin to be crystallized at high temperature.
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Figure 1.14 lonic conductivity and electronic conductivity at various deposition temperatures®®.
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Amorphous LLTO can solve another problem of LLTO, which is transition to conductive
state of LLTO when in contact with Li metal. Crystalline LLTO has experienced reduction of Ti**
to Ti*" due to Li insertion from Li metal anode, turning LLTO into electric conductor’”’8, This
reaction is not desirable as an electrolyte material. On the contrary to crystalline LLTO, Zheng et
al’®. experimentally confirmed that amorphous LLTO pellets in contact with Li metal did not show
electric conductor transition, which matched results from Ahn and Yoon. For those reasons
above, preparation conditions of LLTO should be sought to maximize its ionic conductivity and

minimize electronic conductivity.

1.6 Application of Battery Materials to Resistive Switching Device Materials
1.6.1 Resistive Switching (RS) Device

To date, transistors have been developed over 50 years to achieve fast, low-cost, portable,
high-performance computing, which are essential for our daily life. Currently the demand for such
computing technology is further growing due to internet of things (1oT), which connects all the
tiny sensors incorporated in home appliances into internet and manage them comprehensively, and
autonomous driving, which needs high-speed image processing to cope with environment
changing every second. To meet such demands, the transistor technologies grow over years,
following “Moore’s law”, predicting the number of transistors on an integrated circuit chip doubles
approximately every two years®. Figure 1.15 is a plot of number of transistors per chip per year8!82,
demonstrating that actual technology development follows the Moore’s law. The data in Figure
1.15 were collected up to 2015, and the latest chips, for example, Apple M2 chip and IBM Telum
chip have 20 billion transistors®® and 22.5 billion transistors per chip®, respectively, which
confirms that the transistors is still growing along with Moore’s law. However, this growth might

be approaching some limits: (i) size, (ii) cost, and (iii) speed®.. Increasing the number of transistors
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on chip means the size of a transistor becomes smaller and smaller. However, if the size is close
to nanoscale, quantum effect is not negligible and electron flow cannot be controlled. Also, as
Figure 1.15 right axis depicts, such nanoscale design increases both verification and design cost
exponentially due to the difficulty of engineering. Moreover, current von Neumann architecture,
where data stored in memory and transported to the calculation engine, limits the computation
speed. For those reasons, new functional material needs to be explored to replace conventional

silicon-based transistor for future computing devices.
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Figure 1.15 Number of transistors per chip vs. year (left axis) with cost vs. year (right axis)®.:82,

Resistive switching (RS) device is one of the potential candidates for future computing
technology. RS devices are memory devices taking advantage of metal-insulator transition
material and record data by different conductance (i.e. resistance) state switched by external
stimuli such as voltage®-%’. There are several types of mechanisms to switch resistance inside
materials and are summarized in Figure 1.16%. Figure 1.16 (a) describe phase change materials
that utilize phase change between crystalline and amorphous induced by temperature change due
to joule heat®® . Figure 1.16 (b) shows metal-insulator transition in Mott-insulator materials®*—2,
Figure 1.16 (c) exhibits conductive filament formation by conductive bridge, where metal atoms

migrate from one side to the other and bridge both sides, reducing overall resistance®. Figure
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1.16 (d) is used in spin-transfer-torque magnetic random-access memory (STT-MRAM), in which
insulative tunnel barrier layer is sandwiched by soft magnet (free spin layer) and pinned magnet
(fixed spin layer)®191, The tunnelling magnetoresistance effect plays a role to switch the device
into ON by changing magnetization orientations into parallel in soft magnet side, leading to
changing probability of electrons through the insulative layer. In Figure 1.16 (e), oxygen vacancy
migrates and induce phase transition of the insulator material, forming conductive filament with
oxygen-vacant composition'%>-1%, Basic mechanism is similar to Figure 1.16 (b) and (c) but, in
this case, minor composition of the dielectric materials changes. In the case of interface-type (e),
oxygen vacancies stay at the interface between metal electrode and the oxide intermediate layers,
reducing activation barrier electrons and inducing current flow®"1%,

Our study, which seeks the application of battery materials to resistive switching devices,
focus more on metal oxide materials forming oxygen vacancy filament during resistance change
(Figure 1.16 (e)). In the battery community, those are commonly used as cathode, anode, and
electrolyte materials. Therefore, we can transfer knowledge about those oxides obtained from
battery field to the RS device study, especially about composition, chemistry, crystallinity, and ion

behavior.
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Figure 1.16 Different switching mechanisms®: (a) phase change materials, (b) metal-insulator transition by
Mott-insulator, (c) conductive bridge random access memory, (d) spin transfer torque magnetic random-
access memory, and oxygen vacancy-induced resistive switching with (e) filament growth and (f) interface-
type change.

1.6.2 Potential of Li ion Battery Materials to RS Devices

Materials commonly used for batteries have great potential to be applied to resistive
switching®!. Fabrication methods and phase diagram depending on their composition have been
already well developed, especially for materials that were already commercialized such as LiCoO..
Furthermore, several materials demonstrated conductivity state changes from high to low upon
their composition changes, which meets requirement as a resistive switching device. For example,
LiCoO2 (LCO), which is the most common layered cathode material, is famous for showing metal-
insulator transition upon Li insertion (lithiation) to CoO- flamework%. As Li composition in its
stoichiometry increases, electric conductivity of LCO drops from 10*2 to 10 S/cm. RS device

application of LCO was studied by Moradpour et al.’%” and Fuller et al.}%, and Fuller et al.
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constructed three-terminal device (source, drain, and gate) and was able to operate “write” and
“read” as a device.

Spinel LisTisO12 (LTO), which is metal oxide anode material and famous for its “zero-
strain” during lithiation'®*'! can be another candidate. Similar to LCO cathode, Young et al. have
studied dependency of its electronic conductivity on its lithiation state, confirming that there is
huge jump of conductivity by 7 orders'!? (Figure 1.17 (b)). This is large enough to cause
distinguishable conductance change upon operation as a switching device. Furthermore, the
conductivity jump occurs at the very early stage of lithiation (~5%), which suggests only tiny
amount of Li migration are needed and can save huge amount of power consumption as a device.
Gonzalez-Rosillo et al. have researched potential of LTO, aiming at the application to synaptic
transistors'3, They found that two-terminal system with LTO has fast resistive switching feature
with zero-strain. Besides, TiOx-based switching device has been developed and evaluated by
Nguyen et al**, while the device does not utilize spinel LTO. They have developed a three-
terminal system with TiO2 and LiPON as a channel and electrolyte insulator layer, respectively,
where TiO2 is chemically lithiated and works as a lithium source of LixTiO2.. While the
composition and crystalline phase of LixTiO> are different from that of spinel LTO, they provided
potential that titanium oxide-based device can operate as a RS device. Details about this device
and future works will also be discussed in Chapter 5.

Last but not least, LLTO can be a potential candidate as a future RS device, which is
discussed as a one of the main focuses in Chapter 4 in this dissertation. As mentioned in the
previous section, LLTO thin film optimization was carried out by Lee et al. from our group®. In
their optimization, they found that O deposition pressure affects electronic conductivity of LLTO

(Figure 1.17). This is attributed to Ti reduction from 4+ to 3+ due to the formation of O-vacancy
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state inside LLTO. Whereas, upon the development of solid electrolyte, this conductivity variation
is not desired symptom, it is useful phenomena for resistive switching device. As explained in the
previous section, oxygen vacancy can migrate under electrical bias and may form conductive
filament with O-vacant LLTO. Moreover, there is another advantage of LLTO. Since LLTO is
originally developed as an electrolyte material, which requires low electric conductivity as a
electrically separating layer between cathode and anode, it can minimize leakage current when it
is incorporated in the circuit as a part of device.

Considering characteristics and advantages of materials mentioned above, more battery
materials might have should be further investigated as both battery and RS materials. It is possible
that some physical properties that is not suitable as a battery material can be advantageous over

conventional metal oxide dielectric materials for RS devices.
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Figure 1.17 Electric conductivity of various battery materials. (a) LixCoO, conductivity vs. Li composition
X1 (b) Lias+xTiss04 conductivity vs. Li composition x*2, and (c) LiosLaosTiOs conductivity depending
on O deposition pressure®.
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Chapter 2 Methodologies
2.1 Thin-Film Fabrication by Various Physical Vapor Deposition (PVD) Techniques

In this chapter, | explain various physical vapor deposition techniques to fabricate thin-
film batteries/devices. Other than PVD, there are variety of methods to make thin-film such as
chemical vapor deposition (CVD), sol-gel deposition, and electrochemical plating. Among those
techniques, considering thin-film batteries/devices that require multiple layers stacking on top of
each other, PVD method might be suitable since it does not need any extra chemicals in liquid
form and enables series deposition. From various PVD methods, here, | illustrate thermal
evaporation, sputtering, and pulsed laser deposition, which are employed in my research.
2.1.1 Thermal Evaporation

Thermal evaporation utilizes joule heat to vaporize target (source) materials and the
vaporized particles travel through vacuum and reach substrate, resulting in forming thin film on
the substrate. Before and during film deposition, the chamber is pumped down to high vacuum at
around 10 mbar to minimize impurity into deposited films and to maximize mean-free path of
evaporated particles. The advantage of this method, compared to sputtering deposition, is low
kinetic energy of evaporated particles (at 1200 K, E = 0.1 eV 115), which enables to avoid
bombardment and incorporation of evaporated particles into substrates. Besides, due to its simple
system architecture, the evaporation chamber can be installed into glovebox. This helps us handle
air-sensitive materials such as lithium and test fabricated film in inert conditions. On the contrary
to such advantages, the drawback of this method is difficulty in controlling film stoichiometry,
which limits source materials''®. The choice of source elements is also limited to ability of the
power source in equipment and vapor pressure of elements (Figure 2.1 (b)). Figure 2.1 (b) shows

that lithium is relatively high vapor pressure, and its film can be made by thermal evaporation,
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ensuring uniform deposition on top of solid electrolytes with intimate contact at the atomic level.
The choice of crucible or boat, which works as a tray of source elements and as a resistive heater,
should be made carefully as well to prevent contamination of the film from the vaporized boat
material. On the left side of Figure 2.1 (b), tungsten (W) shows the lowest vapor pressure. This
explains why tungsten is used for a variety of source elements. Other than tungsten, graphite,

Al,03, Mo, quartz, etc. are used as a boat/crucible!*®,

In our study, thermal evaporation is used to deposit Li metal anode and Cu current collector

on LNMO/LiPON/Li cell.
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Figure 2.1 Thermal evaporation technique. (a) photograph of thermal evaporator (blue arrow represents
evaporation plume). (b) Vapor pressure of various elements?®,
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2.1.2 Sputtering

Sputtering method is another way of fabricating thin films. Instead of joule heat in
evaporation, sputtering takes advantage of ionized gas to vaporize target materials. In the
sputtering chamber, the electric field made by supplied power ionizes gas (Ar, N2, etc.) and the
gas particles are attracted to target pellet set on the negatively biased electrode, resulting in
collision and vaporizing target materials with kinetic energy transferred from the gas. Vaporized

materials travel through the vacuum chamber to a substrate, and forms thin film on the surface (see
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Figure 2.2 (a)). In general, sputtering technique is classified into two: (1) DC (direct current) and

(2) RF (radio frequency). Unlike evaporation, sputtering has more choice of target materials and

can achieve various kinds of films as exemplified in Table 2.1 by properly selecting methods above.

Table 2.1 Examples of available sputtering targets®®

Type Materials
Metals Al, Cr, Ge, Au, Fe, Ni, Pd, Pt, Ag, Ta, W
Alloys Al-Cg, Al-Si? Al-Cg-Si, Co-Fe, Co-Ni, Fe-Tb, Fe-Ni,
Co-Ni-Cr, Ni-Cr, Ti-W, Gd-Co
Oxides A1203, BaTiO3, PbT_iO3, Ce0,, In,04-SnO,, LiNbO;,
Si0,, Si0, Ta,0s, Ti0,, Zr0,, HfO,, MgO
Fluorides CaF,, CeF;, MgF, ThF,, Na;AlF
Borides TiB,, ZrB,, LaB,
Carbides SiC, TiC, TaC, WC
Nitrides Si;Ny, TaN, TiN
Silicides MoSi,, TaSi,, TiSi,, WSi,
Sulfides CdS, MoS,, TaS,, ZnS

Selenides, Tellurides

CdSe, PbSe, CdTe, ZnSe, PbTe, MoTe, MoSe

Basic principle of sputtering explained above is mostly about DC sputtering, where ionized

gas particles hit target surface and knock off the target materials. However, this is applicable only

when the target is metal (conductive). In the case of an insulative target material, charged ions

accumulate on the electrode surface as the sputtering goes on, leading to decrease in deposition

efficiency. Therefore, the process to clean up charges is needed during deposition, i.e., RF

sputtering.

RF sputtering, by applying AC current to target, a thin film of its material will be deposited.

When the target side is negatively charged (negative cycle), ionized gas particles such as argon are

attracted to the target and bombard its surface (Figure 2.2 (a)). Then, atoms of target material

obtain kinetic energy and fly to the substrate fixed on the opposite side to the target. On the positive

cycle, when the target side is positively charged, positively charged ions collected on the target
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surface are cleaned (Figure 2.2 (b)). By repeating these processes, thin film is obtained. For this
mechanism, RF sputtering expands options of targets to insulative/dielectric materials.
Furthermore, choice of gas species mixed with inert Ar gas can provide further variation in thin
films, such as oxides, fluorides, or nitrides (Table 2.1), which is called as reactive sputtering.
Common compounds that can be made by reactive sputtering are summarized in Table 2.2.1%°

(a) Negative Cycle (b) Positive Cycle

Target
lonized gas
@) ® /® @@ (o)
Particle ©
target material Deposited thin film

o - _

Figure 2.2 Schematic of the RF sputtering process at (a) negative cycle and (b) positive cycle. Since a target
is an insulator, charged gas ions stay on the target surface after a certain amount of negative cycle time,
which prevents other ions from bombarding the target and results in stopping sputtering.

With using these sputtering techniques, numerous types of thin films related to lithium-
ion batteries have been optimized and prepared as well as coating or semiconductor fields. Various
sputtering methods explained above have enabled not only simple elements used in an anode, such
as Li and Si, but also complicated lithium metal oxide compounds. As a cathode material,
deposition condition of LiCoO2'Y, LiFePO4811° spinel LiMn204'2%1?!, LiNiosMn1 5041?2123 and
Li-Ni-Mn-Co-O*127 (composition varies) have been investigated and those films are utilized for
both fundamental study and device application. Solid-state electrolytes also have been established
by RF sputtering, such as lithium phosphorus oxynitride (LiPON)?#, Li-La-Ti-O"*"376 and Li-
La-Zr-O'%8, In our study, |1 employ RF sputtering to fabricate LiPON film, which conformally

covers LNMO surface and works as a solid-state electrolyte.



Some of films can be fabricated by both sputtering and pulsed laser deposition (PLD).
However, sputtering has the following advantages over PLD (About PLD, it is explained in the
next sub-chapter.) The sputtering system consists of simple parts (power supply, vacuum chamber,
and gas flow controller), while PLD must need an excimer laser with specially mixed gas (e.g.,
Ne, F, Kr). Therefore, it has great potential to reduce production costs. Moreover, sputtering can
achieve larger area deposition by using large size sputtering target whereas spot size in PLD is
limited by focused laser pulse, which gives smaller plume of vaporized target materials'?®. For
those reasons, although PLD can provide better quality films, sputtering is still a mainstream of
thin film fabrication process.

Table 2.2 Example of gas species and products used in reactive sputtering.'t®

Compounds Gas Products
Oxides Oxygen Al,O5, In,0;5, SnO,, Si0,, Ta,05
Nitrides Nitrogen TaN, TiN, AIN, Si;N,
Methane,
Carbides Acetylene, SiC, TiC, WC
Propane
Sulfides H,S CdS, CuS, ZnS

2.1.3 Pulsed Laser Deposition (PLD)

Pulsed laser deposition is a strong technique to fabricate thin films, where film
stoichiometry is well preserved from target materials. This is a main advantage over sputtering
method and enables to fabricate multication complex oxides, e.g. superconductive materials or
battery cathode materials. In the PLD procedure, the laser beam goes into a chamber and hits a
target material, and the evaporated target material is deposited on the substrate facing the target*°.
Figure 2.3 demonstrates pulsed laser deposition system that is used in our study. As a pulsed laser,
ultraviolet excimer lasers are typically employed since it is strongly absorbed by a small target

material. Depending on the material of a thin film, gas that is introduced into the chamber is
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selected properly. For example, oxygen gas is generally chosen to compensate or control oxygen
composition inside produced oxide thin films. Controlling substrate heating temperature and
selecting proper substrate can tune crystallinity of deposited thin films. For example, Konishi et
al. fabricated epitaxial LiNiosMny504 thin films with lattice orientations at (111), (110), and (100)
by growing those films on single-crystal SrTiOs (111), (110) and (100)*243,

By using multiple targets, it is possible to make thin film battery only by PLD method.
Kuwata, et al., for example, fabricated two thin film ion batteries and studied their performance
and morphology; SnO/Li-V-Si-O (LVSO)/LiCo0O; and SnO/LVSO/LiMn204, where SnO works
as an anode, solid LVSO as an electrolyte, and layered LiCoO2 and spinel LiMn204 as a cathode**".

Some films can be prepared by PLD and (RF) sputtering. However, the film quality and its
physical properties like lithium ionic conductivities demonstrate differently, which is exemplified
by lithium lanthanum titanate (LLTO). Lee et al from our group optimized LLTO thin film and its
(lithium) ion conductivity showed around 3x10* S/cm, which is close to the one in bulk
LLTO"™%2133 and the highest value among films made by PLD®°, On the contrary to the PLD-
made LLTO films, LLTO films made by RF sputtering demonstrates 10° S/cm orders of
magnitude or lower as an ionic conductivity’*"376 where 5.32x10° S/cm is the maximum value
achieved by Song et al”®. This mismatch might be attributed to imperfect transfer of the target
compositions by RF sputtering, showing advantages of PLD method.

In our study, PLD is employed to make LNMO and LLTO thin films. Detailed fabrication

conditions are described in Chapter 3 and Chapter 4, respectively.
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Figure 2.3 Pulsed laser deposition system and target pellet. Photograph of (a) PLD system used in our study
and (b) home-made LNMO target. (c) Schematic of PLD system and parameters that affect deposited films’
quality.

2.2 Advanced Characterization
2.2.1 Neutron Depth Profiling (NDP)

Neutron depth profiling is a strong technique to detect lithium atoms directly and
quantitatively. Plenty of neutron techniques, such as neutron diffraction, neutron reflectometry,
and neutron scattering, have been used and become popular in battery field so far, where neutrons
and atoms in a sample interact as an elastic or inelastic scattering (Figure 2.4). On the contrary,
NDP take advantage of nuclear reaction (i.e., absorption) of neutrons with atoms, where number
of electrons and neutrons changes before and after the reaction. This has not often been used for
battery studies and is still under development. Hence, in this chapter, | illustrate basic principles

of NDP and its application.
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Figure 2.4 Examples of various characterization techniques using neutron.

Neutron vs. X-ray

As the investigation of battery goes on, direct observation of carrier ions in a battery, i.e.,
lithium atom/ion, becomes important. X-ray has historically been used for materials
characterization to observe structure (short- and long-range ordering), morphology, and chemistry.
However, these technics are mostly indirect observation, e.g., through crystal structure with
transition metal cations. This is because it is intrinsically difficult to directly observe lithium ion
via x-ray due to its small x-ray cross-sections'®*. X-ray is electromagnetic wave with 0.03 to 3 nm
in wavelength, and, thus, its interaction with atoms is proportionally stronger, as Z number
increases (Figure 2.5 top). In contrast, neutron cross section does not show such tendency on
atoms, and this is why neutron is suitable for tracking light elements like hydrogen (deuterium)

and lithium (Figure 2.5 bottom).
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Figure 2.5 Schematic image of x-ray (top) and neutron cross sections (bottom)*.

Fundamentals and workflow

Here, in this subchapter, fundamental mechanism, experimental setup, and common
workflow of analysis in NDP are explained. In NDP experiments, as Figure 2.6 (a), a sample is set
inside vacuum chamber and neutron beam shines from top of the sample'®. Inside the sample, one
neutron reacts with one ®Li atom and generates “He?* and *H* atoms in the following equation:

°Li + n —» *He?* + 3H*

“He?* and 3H* are generally called alpha and triton particles, respectively. Generated *H* are
captured by the Si detector, giving intensity and count as shown in Figure 2.6 (b). Based on this
nuclear reaction, NDP allows us to measure Li amount quantitatively by counting charged. Then
raw data plots (signal counts vs. channel) will be converted to the final output, that is, Li
concentration vs. depth plot. From the reaction formula above, the number of Li atoms can be
estimated from triton signals count. Areal concentration of lithium is calculated from the following
equation with using boron standard sample:

Diop [atoms/cm?] X 6,05 [Parn
D,; [atoms/cm?] = 108 | fem ] X 1o | ] X Cg1i [counts /sec]
AgLi X Cyop [counts/sec| X ag; [barn]
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Here, D;, 0;, C;, and A; are areal concentrations, reaction cross sections, signal count rates, and

®Li, °B), respectively. In this equation, o; and A, are

natural abundance of each element (i =
physical constant (0,05 = 3842 barn, g¢;; = 939 barn, and Ag;;=0.075), and D,z and C;op
are known or measurable values. Thus, the signal rate of lithium can be simply converted to lithium
areal concentration®,

Inside a detector, particles with different kinetic energy are separately detected in different
channels, and, thus, the channels and particle kinetic energies have one-by-one correlation.
Besides, particle kinetic energies are further correlated with depth of Li in the samples. When the
nuclear reaction happens deep inside the sample, the generated 3H* particles are required to travel
though to its surface. On the way to surface, particles lose their kinetic energy by interacting with

atoms (electron and nuclei) and lose a part of the energy. Therefore, the deeper the triton particles

are generated, the smaller their kinetic energy is, as exemplified in Figure 2.6 (d).
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Figure 2.6 NDP fundamentals and workflow. (a) experimental setup of NDP inside vacuum chamber®3, (b)
example of raw NDP spectra from LiNiosMn1504. Here 4He is filtered out by applying Kapton tape on
sample surface. (c) common workflow in NDP from raw data to depth profile. (d) schematic illustrating the
correlation between energy loss and depth of the sample.
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Advantages, Disadvantages, and Limitations

As shown in the previous subchapter, quantitative, non-destructive characterization of
lithium in sample’s depth is one of the advantages of NDP over other characterization methods for
Li detection like Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) and X-ray
Photoelectron Spectroscopy (XPS) depth profiling. NDP is not only applicable to Li but also to
He, B, or N elements due to their large enough cross-sections, which are listed in Table 2.3'%.
Furthermore, NDP is compatible with in-situ or operando measurement by combining with
potentiostat and/or temperature controller (Figure 2.6 (a)). On the contrary to those advantages,
depth resolution of NDP is limited to about 30 nm, which is attributed to energy resolution of the
detector and stopping power of the materials. Besides, NDP profiles are affected by sample surface
flatness and/or smoothness. The obtained depth profiles are average information from the area
neutron shines, and, therefore, signals at the rough interfaces of two different layers tend to be
mixed and profiles look smeared. To obtain a good enough signal/noise ratio, isotope of interest
should also be sufficient in concentration.

Table 2.3 Major elements detectable in NDP measurements*3’

FElements Reaction Target Cross Section (barns)
He SHe(n,p)*H 5333
Li SLi(n,o)’H 940
B B(n,a)"Li 3837
N “N(n,p)“C 1.83

There are some limitations in NDP upon measurement. Unlike x-ray, neutron beam cannot
be focused so the minimum lateral area is limited to around 3 mm in diameter. The generated triton
particles lose their kinetic energy while they go through the sample materials due to their
coulombic interaction. Hence, the depth limit of NDP is determined by the distance that the triton

particles can fly to the detector without losing all the original kinetic energy, i.e., 2727 keV. This
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value strongly depends on materials, and the lighter the elements are, the longer the triton can fly,
meaning deeper elements can be detected. Figure 2.7 represents penetration depth of triton
particles against materials used in batteries'*®, which is calculated by Monte-Carlo simulation in
SRIM3, This demonstrates that tritons in materials consisting of light elements such as Li metal

and Li3sPO4 can travel longer while the penetration depth is short in heavy metals such as Pt and

Cu.
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Figure 2.7 Simulated energy loss of charged triton particles against typical battery materials.**

In the reaction, neutron and lithium generate alpha (*He?*) and triton (3H*) particles. In
general, alpha particles are filtered out by Kapton tape on surface, to avoid merging two signals,
and only triton particles are used in NDP measurement. This is because the triton particles have
more kinetic energy when generated, enabling us to seek deeper in samples (Figure 2.8 (a))4°.
However, it is potentially possible to improve NDP measurement by properly selecting particles.
As mentioned above, compared to triton particles, alpha particles have shorter traveling path due
to its original kinetic energy when two particles travel in the same material (Figure 2.8 (b)*%).
Besides, alpha particles are charged as divalent while tritons are charged as monovalent. This leads
to higher stopping power against alpha particles due to coulombic interaction, which can be seen

as steeper slope in the dash lines in Figure 2.8 (b). For those reasons, triton particles are suitable
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to investigate deep inside of the sample. On the other hand, alpha particles are preferred in terms
of depth resolution. As can be seen in Figure 2.8 (b), alpha particles have smaller depth range for
same energy resolution, which is independent from choice of particles. Therefore, this exhibits
alpha particles have better depth resolution than triton particles. In Figure 2.8 (c), two
characteristics, depth, and resolution, for each particle are summarized.

In this chapter, | have explained basic principles and working mechanisms of NDP. In our
study, NDP is used to explore Li distribution at LNMO/LiPON interface and further experimental
aspect of NDP is explained in the 0.
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Figure 2.8 Comparison of two particles that can be used in NDP measurement. (2) spectra of alpha and
triton particles'*, (b) energy vs. penetration depth (solid line: triton, and dash line: alpha) in some battery
materials. (Data extracted from Danilov et al.1*8) (c) Pros and cons for triton and alpha particles.

2.2.2 Focused lon Beam and in-situ Biasing Experiment

Nowadays, focused ion beam (FIB) is a necessary tool to study battery materials. The major
use of the FIB is to investigate thickness of electrode and electrolyte particles, and morphologies
in cross-sectional direction. In particular, FIB is suitable to explore thin film samples, since their
total thickness is typically within a few microns. Furthermore, FIB can connect material

characterization to advanced tools and techniques. For example, FIB enables us to prepare lamella
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samples for transmission electron microscope (TEM) by milling bulk materials via ion beam and
carrying the milled lamella to a TEM grid. Also, FIB has the potential to achieve in-situ biasing
experiment by applying current or voltage onto a probe and a stage. Here in this subchapter, |
describe general instrumentation of FIB first and then illustrate in-situ biasing experiment.
Focused-lon Beam

FIB columns are generally equipped with scanning electron microscopy (SEM),
transmission electron microscopy (TEM), Auger electron spectroscopy (AES), or secondary ion
mass spectrometry (SIMS). Among them, the most common one is FIB/SEM as a dual beam
system, where electron beam column is set vertically against a sample stage and ion beam column
is set at some angles**!. In such a system, electron beam works to image a sample surface without
damaging it while ion beam works to sputter or mill materials on surface. In addition, the electron
beam can also deposit metals, enabling low energy deposition. This can minimize sputtering
damage on surface, compared to the deposition by the ion beam.

Whereas various ion source species are available, e.g. Al, Au, B, Be, Cu, Ga, Ge, Fr, In,
Li, P, Pb, and Si, Ga is most widely selected due to its low melting temperature (30°C), low
volatility and low vapor pressure'*?. Figure 2.9 (a) depict similarities and differences between
electron beam and ion beam. In the case of the ion beam, electrostatic lenses are used while
magnetic lenses are used for the electron beam. This is because ion is heavier and slower, resulting
in lower Lorentz force affecting on ions**®. Detailed schematics in Figure 2.9 (b) shows Ga ion
source, where the minimum beam size is determined as ~5 nm and, thus, defines a resolution of
patterns made by the ion beam. In FIB milling process, an ion collision removes one to five atoms
depending on the substrate and applied energies. In addition to that, similarly to e-beam imaging,

(ion-induced) secondary electrons are ejected because of the ion collision to sample materials,
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which can be used for ion beam imaging but also potentially induce chemical reaction between ion
beam and target materials. The milling feature varies by elemental mass consisting of the sample,
angle of the ion beam, and crystal structure, which also affects ion beam imaging. Figure 2.10 (a)
and (b) describes that different crystal structure gives different ion milling pathways, where Ga
ions in (b) has more probability to collide with sample atoms and more electrons are ejected.
Between heavy atoms and light atoms, Ga ion pathway and ejected secondary electrons contrast

are also different due to atomic mass and the number of electrons (Figure 2.10).
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Figure 2.9 Schematic illustration of FIB/SEM systems. (a) Comparison of e-beam and ion-beam and (b)
detailed image of Ga ion source.

As well as injected Ga ions affected by sample feature, other factors, such as Ga
incorporation and redeposition of sputtered materials, should be considered when FIB processing,
especially cross-section milling and TEM sample preparation. These potentially trigger inefficient
milling rate and damage and/or contamination on TEM samples. First, redeposition of sputtered
materials causes a decrease in milling rate. This is also a reason why perfectly vertical cross-section
cannot be made. To prevent such redeposition, second milling with lower ion energy and with
different incident angles are needed. Second, sample contamination is given by Ga ion

incorporation. After the ions are injected and mill sample surface, Ga ions stay on surface and
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cause Ga incorporation. VVolkert and Minor estimated that 1 at.% to 50 at.% of Ga are expected to
remain near sample surface'*®. Not only Ga implantation, which can be regarded as “chemical”
contamination, but “physical” damage is also given by ion beam injection. Mayer et al. claimed
that ion beam injection to sample materials cause amorphization, in semiconductor materials, and
defect formation, phase formation, or atomic displacement in some metals'**, This may cause
misinterpretation especially when microstructure of the specimen materials is investigated. As
discussed above so far, in summary, FIB is a stronger technique than any other in terms of
engineering and manipulating micro- or nano-scale samples for their characterization, guiding us
to further understanding in TEM or other nano-, atomic-scale characterization. However,
drawbacks including contamination and damage due to the ion beam injection needs to be taken

into account when its operation.
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Figure 2.10 Various factors influencing on 30 keV Ga+ collision and ion-induced secondary electron (ISE)
generation. (a) and (b) compare difference in crystal orientation, affecting milling ion pathway and amount
of emitted ISE. Orange-colored atoms in (c) represent heavier atomic mass than ones in (a) and (b), where
heavier atoms in (c) give more secondary electron. (d) Different surface geometry also gives different
contrast in ion beam imaging**.
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In-situ biasing experiment in FIB/SEM

Currently FIB/SEM system is commonly used in the battery field to investigate cross-
sectional morphology of samples and to fabricate lamellas for further microstructure study in
TEM. Furthermore, coupling electrical feedthrough and a needle probe with the system, it can
enable in-situ biasing experiments without air exposure. Simple schematic in Figure 2.11 (a)
illustrates electrical connections. The positive side of the cable is connected to the needle probe,
which is used for lamella liftout in TEM sample preparation. The negative side of cable is
connected to feedthrough outside of the SEM chamber, which is wired to bottom of a special stub.
Specially made stub are used to mount ample (power or thin film) and biasing chip (e.g. from
Protochips) and to make electrical connection to the negative side by sandwiching electrical cable
(See Figure 2.11 (b) and (c)). The biasing chip is electrically bonded by Ag paste to bias. On the
bottom side of the stub, there is ceramic bond layer that works as insulation to prevent current flow
from going to SEM ground.

One of issues in this setup is Ag paste, which should be sticky enough to keep electrical
connection between the stub and the chip but, at the same time, should be removed without any
residue on the chip surface. This requirement is to bring the biasing chip to TEM biasing holder
for further in-situ characterization. The TEM biasing holder achieves electrical connection with
tiny needles on the chip surface (Figure 2.11 (d)), and, therefore, any debris on the chip leads to
bad electrical connection and/or gives noise in acquired signal. To solve this issue, the Cu
sacrificing layer is deposited onto negatively biased side of the chip by thermal evaporation. As
explained in 2.1.1, while thermally evaporated metal layer can make atomic contact to the

deposited layer, it has relatively weak adhesion. Utilizing such characteristics, the Cu layer works
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as a sacrificing layer, where Cu protects chip surface from the direct contact of the Ag paste, as
demonstrated in Figure 2.11 (e)-(g). The Cu layer is easily peeled off by Kapton tape when needed.

Biasing lamella sample preparation is quite similar process to TEM sample preparation like
Mayer et al***. Lamella are milled out of the original sample by ion beam and liftout through a
needle probe. The lamella sample lifted to the biasing chip and is mounted as it bridges between
two electrodes (Figure 2.12 (a)-(c)), enabling to apply electrical bias on the lamella. Then, the
mounted lamella is further cleaned and thinned by the ion beam to remove redeposited materials
and to be thin enough for TEM observation. Mechanical and electrical connection of lamella with
chip surface is established by Pt deposition in FIB. Once lamella is ready to be biased, constant
current or constant voltage is applied to the lamella and electrical response is measured. At the
same time or after the biasing, lamella sample morphology is also inspected by electron beam
imaging. These are the general setup and experimental procedure to run in-situ biasing testing in
FIB/SEM. Further details which is specific for our sample (LLTO) will be explained in the

following chapter.
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Figure 2.11 Schematic images of experimental setup for in-situ biasing in FIB/SEM. (a) schematic
illustration of in-situ biasing configuration. (b) chip and sample mounted on special stub and (c) photograph
of special stub with wire. (d) Schematic of in-situ experiment in TEM, combined with micro e-chip and
TEM bias holder*. The biasing chip and TEM holders are from Protochips. TEM sample and (e)
Schematics of chip configuration with lamella sample on the center gap and Ag paste on chip (f) after
applied and (g) removed.
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Figure 2.12 SEM images of biasing sample preparation. Electron image of lamella mounting at (a) zoom-
out and (b) zoom-in. (c) lon beam image of lamella mounting at the different angle.
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Chapter 3 Interface analysis between high voltage cathode material
and solid-state electrolyte

3.1 Introduction

Li-ion batteries (LIBs) are dominant battery technologies for portable electronic devices
and electrical vehicles due to their high energy density, thermal stability, and long cycle life146-14,
However, a wider adoption of LIBs requires gravimetric energy densities in excess of 350 Wh kg
1 (1 wh = 3,600 Joules) at the cell level, and up to 500 Wh kg for more than 1000 cyclest®012,
At present, the energy densities of mass-produced LIBs are limited to 200 Wh kg™ - 250 Wh kg™
at the cell level®®*1%, The cathode is regarded as a critical component in improving the capacity
of commercial cells. With a high operating voltage (4.7 V vs. Li*/Li%™ % a spinel-type cathode
material LiNiosMn1504 (LNMO) could potentially empower industrial producers to achieve these
high energy density goals. Recently, the strong desire to eliminate cobalt in cathode materials has
sparked a renewed interest in this class of oxides'®. Various attempts to fabricate LNMO/graphite
batteries that exhibit high voltage, relatively high energy density, and fast charging capabilities
using organic liquid electrolyte have been carried out worldwide®*1"?, but they all suffered from
excessive degradation and limited cycle life, especially when stored or cycled at a highly charged
state’. The primary reason is that most common liquid electrolytes (e.g., carbonic ester solvent
combinations with lithium hexafluorophosphate (LiPFs) solute) are prone to oxidization and
subsequent decomposition on the cathode surface as a cell’s voltage rises over 4.5 V during
charging. This is caused by a lack of an effective passivation layer’!, which helps prevent
decomposition of the liquid electrolyte, and can cause a cell to continuously degrade.

All-solid-state batteries (ASSBs) may provide a viable pathway to use LNMO and achieve
the desired high energy density and cycling stability. ASSBs have received enormous attention

over the last few decades as they have good intrinsic safety, high packing density, and a relatively

43



large electrochemical stability window with the potential to enable both high voltage cathodes and
metallic lithium anodes®®®. A key factor in successful integration of LNMO in ASSBs will be
pairing the electrode material with a compatible electrolyte. Solid state electrolytes (SSES) prevent
catalytic dissolution of transition metals from the cathode into the electrolyte®?, which leads to
capacity loss and graphite anode degradation when liquid electrolytes are used®*?4172, L ijthium
phosphorus oxynitride (LiIiPON) is one of the most promising candidates for this application as it

has a wide electrochemical stability window up to 5.5 V*°, a modest ionic conductivity (=10° S

cm™)®, suitable mechanical properties!’®174 and has demonstrated cycling stability against
LNMO cathodes and lithium metal anodes****. The prevailing form of LiPON material as a thin
film synthesized by physical vapor deposition provides an ideal platform for investigating
interfaces against highly oxidative/reductive electrodes.

LiPON as a solid-state electrolyte has been studied with various types of cathode materials,
including LiCoO, (LCO)®0  LiMn0s**?, and LiNiosMno2C00202 (NMC622)%,
Santhanagopalan et al. observed a lithium accumulation between LCO and LiPON upon repeated
cycling, which impacts the ion transport at the interface and counts for irreversible capacity loss*.
Later Wang et al. identified the cause of lithium accumulation as a disordered LCO formation at
the LCO/LIPON interface, which continues to grow at an elevated temperature and leads to a
further performance degradation*®®°. Phillip et al. reported that NMC622/LiPON interface is stable
at high voltage (4.5 V vs. Li*/Li%, but the cell suffers from degradation of the bulk cathode due to
amorphization, resulting in severe capacity loss®. All these research efforts shed light on possible
degradation modes at the cathode/electrolyte interface. However, most of these effects are caused
by structural change(s) within the cathode and not from LiPON decomposition. This contrasts

starkly with the degradation mechanisms occurring in liquid analogues. In the case of LNMO
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system, Li et al. demonstrated a LNMO/LiPON/L.i thin-film full cell that cycled over 10,000 cycles
with 90.6% capacity retention®. This exemplary cycling performance between 3.5 V and 5.1 V
suggests a stable interface between LIPON and the high voltage cathode. Nevertheless, the
underlying mechanism that provides such exceptional stability remains elusive, largely due to a
lack of available characterization tools that can access the buried interfaces and tackle the air-
/beam-sensitivity of LiPONS?,

Meanwhile, tremendous research efforts have also been invested in the study of the cathode
electrolyte interface (CEI) in liquid electrolyte systems, which may hint at the potential origin of
the LNMO/LiIPON interface stability. The interfacial phenomena in liquid electrolyte systems have
been widely characterized through spectroscopic and microscopic methods. X-ray photoelectron
spectroscopy (XPS)"165-16% and attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)"¢7 were employed to identify the chemistry of the CEls. After cycling
with a carbonate-based electrolyte, a CEIl layer forms on the LNMO surface which includes
decomposition products of LiPFe solute and the organic solvents LiF, Li.COs, LixPOyF; and
polymerized ethylene carbonate (PEC). Continuous electrolyte decomposition occurrs due to the
non-uniformity of the CEls and an insufficient passivation effect. Cryogenic electron microscopy
(cryo-EM) has shown that an uneven CEI layer can form after 50 cycles within a conventional
carbonate electrolyte. Improved cycling and a uniform CEI was observed by the same technique
but for a sulfone-based electrolyte’’®. Another factor to be considered is the addition of binders
and conductive agents in composite cathodes for liquid electrolyte systems. These additives result
in parasitic reactions with an electrolyte and can make deconvolution of interfacial reactions

between active materials and electrolytes challenging. As such, an ideal interface between LNMO
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and LiPON must limit electrolyte decomposition, result in conformal CEI formation, minimize
cathode structural change, and be free of conductive agents.

An all-solid-state thin film format was employed in this study to examine the origin of the
stable interface between LNMO and LiPON. The samples consisted of dense electrode layers
without binder, conductive carbon, or coating materials. NDP was utilized to delineate the lithium
concentration profile across the LNMO/LiIPON interface. Results from this measurement were
coupled with first-principles computation and cryogenic electron microscopy (cryo-EM) to
investigate interfacial chemistries and textures. Based on these findings, crucial characteristics of
the solid electrolyte that impact the interfacial stability are discussed and a proposal is made of

key factors that facilitate the design of stable, high voltage cells by rational interface engineering.

3.2 Experimental Methods
3.2.1 Thin film sample preparation

LNMO thin-films were deposited on platinum-coated alumina substrate (Valley Design)
by pulsed laser deposition (PLD) system (Excel Instruments PLD STD-12 chamber and 248 nm
KrF Lambda Physik-Pro 210 excimer laser) with a laser energy fluence of =~ 2.0 J cm™ and 24000
pulses at a frequency of 10 Hz. The substrate temperature was heated to 600 °C, and partial
pressure of Oz was controlled at 200 mTorr (1 mTorr = 133.322 Pa, Sl unit) during the deposition.
The LNMO target used for PLD was prepared using LNMO powder (NEI corporation, USA). 12
g of LNMO powder and 0.47 g of LIOH (Sigma-Aldrich) were used to achieve a 30% Li excess
LNMO target. The materials were ball milled and pelletized onto a 28.6 mm dye press at a pressure

of 10 Mg for 10 min. Following this step, the pellet was sintered at 900 °C for 2 h with a heating
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ramp rate of 3 °C min. The resulting target surface was polished by sandpaper (Grit 320 and 600,
Aluminum oxide, Norton abrasives) before every deposition.

LiPON thin films were deposited by radio-frequency (RF) sputtering. A LisPO4 target that
was ~ 50 mm in diameter (Plasmaterials, Inc.) was used as a sputtering target. The sputtering power
was set at 50 kg-m?-s~ (W). Nitrogen gas (Matheson, ultra-high purity grade) and the partial
pressure at 15 mTorr for deposition.

LNMO was deposited to a thickness of ~ 650 nm and an active area of 4.9 mm?,
corresponding to an active material loading of 0.03 mAh cm for the full cell fabrication. LiPON
was then sputtered on LNMO to a thickness of 1 um. A Li metal anode and Cu current collector
were then deposited on to the LiPON by thermal evaporation (LC Technology Solutions Inc.)
under a base pressure below 3x101! mTorr. The average deposition rate of Cu and Li were
controlled at 0.1 nm s and 0.15 nm s, respectively. Deposition was monitored by a quartz crystal
microbalance. The thickness of Li metal anode was 570 nm and corresponds to a 203% excess
capacity compared to that of the cathode. The thickness of the LNMO and LiPON were controlled
at 2.6 pm and 2.2 pum thick, respectively, for the NDP measured samples.

3.2.2 Grazing incidence angle X-ray diffraction (GIXRD)

XRD pattern of the fabricated thin film was taken by Rigaku Smartlab X-ray diffractometer
with Cu Ko source (A = 1.5406 A; 1 A = 0.1 nm, SI Units) with a working voltage and current
of 40 kV and 44 mA, respectively, and a scan step size of 0.04°. The scan speed was 0.12° min?,
and the scan range was from 15° to 80°.

3.2.3 Liquid cell fabrication
The LNMO thin films were also tested with liquid electrolyte in a coin cell. An LNMO

thin film deposited on a Pt-coated alumina substrate (1 cm? surface area, cathode) was coupled
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with = 100 puL of 1M LiPFs in EC:EMC (3:7 wit%) electrolyte and a Li metal chip as an anode.
The coin cell consisted of a CR2032 type casing and one piece of a Celard 2325 separator. The
cell was cycled between 3.5 V and 4.85 V with a 10 pA constant current.
3.2.4 Electrochemical measurement

Two LNMO/LiPONY/Li full cells were cycled with a Biologic SP-200 potentiostat. For the
first cell, the voltage range of the cycling was set at 3.5 V - 5.1 V and the applied current was 150
nA and 3.0 pA. This is equivalent to a = C/10 and = 5C charging rate, respectively. The cell was
cycled at C/10 during the first 2 cycles and the last 3 cycles (1%, 2", and 533" to 535" cycle) and
cycled at 5C for the remaining cycles. The electrochemical cycling data of this cell has already
been published in our past study®® and its characterization by (S)TEM were conducted, shown in
this paper. The other full cell was cycled for 600 cycles in the same voltage range with the current
at 100 nA for 1%, 2" and 600" cycles and 1.7 pA for the remaining cycles, which are almost
equivalent to = C/7 and = 4C charging rate, respectively. The second cell was fabricated for the
purpose of confirming reproducibility of the cell performance, demonstrated in this paper. The
areal capacity of the cells was calculated based on the assumption that only part of LNMO above
Pt current collector (= 3 mm in diameter) was involved in the electrochemical reaction.
3.2.5 Neutron depth profiling and fitting

Neutron depth profiling (NDP) data was collected at the National Institute of Standards
and Technology (NIST) Center for Neutron Research (NCNR) at the end position of the cold
Neutron Guide 5. The SLi atoms in the sample were of interest for these experiments and measured
through detection of the *H* (triton) charged particle products from the n,°Li reaction:

OLi 4+ Ngpig = *He?*(a, 2055.55 keV) + 3H*(3H,2727.92 keV) Equation 1
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Following reaction *He?* and *H" particles are promptly produced and immediately begin
to lose energy due their interactions with the nuclear and electronic properties of the sample
material. However, the *He particles were blocked from the detector in this experiment by the
polyimide cover that was added to the surface of the sample to protect the battery material from
the ambient atmosphere. Only the *H* particles were analyzed for all the samples measured.

The sample was mounted behind a 0.5 mm thick Teflon sheet with a = 3.0 mm circular
aperture. This aperture was fixed to an Al support frame and placed facing the primary
transmission-type silicon surface barrier detector (Ametek) inside the NDP chamber. The energy
spectra of the detected particles were collected and transmitted to a Lynx™ Digital Signal
Analyzer (Canberra) with a setting of 4092 channels. Data were acquired for = 5 h per sample.
Each sample area was irradiated at a neutron fluence rate of =~ 1.2x10° neutrons cm™ sec®. A high-
vacuum chamber was used for the measurements of the sample, background profiles (Teflon, Si
wafer), and a °B concentration reference material (in house). Li atom concentrations were
calculated using the natural abundance of 6Li for sample and °B as a reference. Li concentration

was calculated by the following equation:

DiopXoiog[barns]

D, = X Cgpi[counts sec™] Equation 2

neLiXCioplcounts sec~1]xagy;[barns]
D; is the areal concentration of *°B, 5Li, or Li (i) in i atoms cm™, o; is the thermal neutron cross-
section for the isotope i (1 barn = 1x102® m?), n,,; is the natural abundance of °Li, and C; is the
normalized particle counts detected in the measurement. The calculated data was binned according
to energy resolution of the NIST NDP system (= 22 keV for a 3H at 2727 keV). More details of

the data processing can be found in the sub-chapter 3.5.
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The uncertainties of both LNMO/LiPON and LNMO are <6% and reported to 1 sigma,
which are estimated from the propagation of the experimental counting statistics from the sample,
reference, and background materials.

3.2.6 First-principles calculations

LNMO at various charged/discharged states were studied by density functional theory
(DFT) with the Vienna Ab initio Simulation Package (VASP). Periodic plane-wave DFT+U static
calculations were performed for the LNMO bulk structure. Supercell models, LisNizMn24032, were
used as LixNiosMn1504 at x = 1. To simulate Li removal from x = 1 to 0 a corresponding number
of Li atoms were removed at each state. Li atoms were inserted into tetrahedral sites between
octahedral sites containing Ni or Mn atoms to simulate the overlithiation of the cathode material.
A 3x3x3 k-point mesh and an energy cutoff of 520 eV were employed at the calculation. Ue
values were chosen as 5.96 eV and 4.5 eV for the +U augmented treatment of Mn and Ni 3d
orbitals, respectively. The initial MAGMOM parameters were set as follows: Li*(0), Ni*(-2),
Mn*(+4), O*(0). Partial density of states (PDOS) at pristine state (x =1) and Overlithiated state (x
= 2) were extracted from DOSCAR and analyzed by wxDragon software. PDOS plots were
smoothed by a 10-point adjacent average function.

3.2.7 Cryogenic focused ion beam/scanning electron microscopy (cryo-FIB/SEM)

A FEI Scios DualBeam FIB/SEM with a cooling stage was used to prepare the TEM
samples of pristine LNMO/LiIPON and cycled LNMO/LiPON/Li samples. The operating voltage
of the electron beam was 5 kV and emission current of the beam was 50 pA. These setting were
used to mitigate potential beam damage on Li and LiPON. A Ga ion beam source was used to mill
and thin the sample with an operating ion beam voltage of 30 kV. Emission currents of the ion

beam were selected depending on purposes: 10 pA for ion beam imaging, 0.1 nA for cross-section
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surface cleaning and lamella thinning, and 3 nA for pattern milling. The sample stage temperature
was maintained at -185 °C during pattern milling, cross-section cleaning, and lamella thinning
processes to preserve the Li metal and LiIiPON components. A cryo-liftout methodology was
applied for the TEM sample lift-out process where sample materials were redeposited between the
lamella and the probe for connection. Detailed procedures with illustration were described in our
past study®’.

3.2.8 Cryogenic transmission electron microscopy (cryo-TEM)

The prepared lamellas were transferred from the FIB chamber though an air-free quick
loader and stored in an Ar-filled glovebox. Cryo-HRTEM images were collected on a JEOL JEM-
2100F TEM at 200 kV with a Gatan Oneview camera. Cryo-STEM/ EELS results were collected
on a JEOL JEM-ARMB300CF TEM at 300 kV. A TEM cryo-holder (Gatan 626 cryo-transfer
holder) was used to load the samples where TEM grids were immersed in liquid nitrogen and then
mounted onto the holder via a cryo-transfer workstation®!. Uncertainty of the energy loss in EELS

spectra are 1 eV, which is attributed to the energy resolution of the detector.

3.3 Results and discussion
3.3.1 Electrochemical behavior of LNMO/LiPONY/L.i full cell over long-term cycling

The presence of a stable interface was first demonstrated by a thin film battery consisting
of a high-voltage spinel LNMO cathode, a LiPON solid electrolyte, and a lithium metal anode.
The detailed architecture of the cell is shown in Figure 3.1, where the deposited LNMO thin film
displays a well crystallized structure with (111)-plane-orientated texture in Figure 3.2 (a). This is
in good agreement with the films produced by Xia et al.*®*! Figure 3.3 illustrates the cycling

performance of the full cell. As shown in Figure 3.3 (a), the 1% cycle charge profile displays an
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excess capacity compared with the subsequent cycles, while the voltage profiles at the 2" cycle
and 600™ cycle resemble each other, implying an irreversible reaction during the 1% cycle and a
superior cyclability afterwards. The cycling stability is further demonstrated by a Coulombic
efficiency of =~ 99.6% for 600 cycles in Figure 3.3 (b). Compared with the LNMO cathode
performance in liquid electrolyte such as Figure 3.2 (b), two characteristic features are observed
in the thin film battery with the LiPON solid electrolyte: i) an excess capacity during the first

charge and ii) cycling stability observed for the course of 600 cycles. Note: 1 mAh is equal to 3.6

C (Sl units).
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Figure 3.1 LNMO/LiIPONY/Li full cell configuration. (a) Photo image of LNMO/LiPONY/Li thin film full
cell and (b, c) schematic of the cell configuration

52



(@)

* Pt

(111)

* AlLO,
_
=] —
< =
S
2 !
2 8
2 g
£

I I (] 1 I |1 |LNMO 30+t
1 L 1| a0, . . .

20 30 40 50 60 0 20 40 60 80 100 120 140
2 theta (degree) Capacity (mAh/g)

Figure 3.2 Properties of bare LNMO thin film. (2) XRD pattern of LNMO deposited on Pt-coated alumina
substrate. (b) Voltage profiles of LNMO/L.i half-cell with carbonate-based electrolyte. Uncertainty of the
capacity is about 25%, which comes from the estimation of LNMO active mass.

The voltage profiles indicate that the dominant redox reactions in the LNMO cathode are
4.7 V vs. Li*/Li° (shown as plateau region 11 in Figure 3.3 (a)) and correspond to the Ni%*/Ni*
and Ni**/Ni*" redox couples during the initial charging process'”>!’®. A small amount of
Mn3/Mn** redox couple occurring near 4 V (plateau region 1l in Figure 3.3 (a)) contributes to the
nominal capacity when part of the Mn species in a pristine LNMO thin film has an oxidation state
lower than 4+. The LNMO thin film is likely overlithiated chemically during the full cell
fabrication, which leads to a lower Mn oxidation state in the surface region of LNMO. This is
apparent in regions | and Il (Figure 3.3 (a)), where an excess of charge capacity during the first
cycle is caused by a plateau at 2.9 V and 4 V. Note that the pristine LNMO thin film cycled in
liquid electrolyte does not exhibit an overlithiated feature as indicated by Figure 3.2 (b) and
previous studies*>*!. The overlithiation of LNMO is proposed to be caused by LiPON deposition

and chemical reactions between LNMO and LiPON during or after the deposition.
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Figure 3.3 Electrochemical performance of LNMO/LIPON/Li full cell. (a) Voltage profiles of
LNMO/LiPON/Li thin film full cell at 3.5 V - 5.1 V at the 1%, 2", and 600" cycle. (b) Coulombic efficiency
of the cycled cell, which was charged/discharged at a about C/7 for the 1%t and 2" cycles, and 4C for the
rest of cycles. The C rate was set back to C/7 at the 600" cycle. Uncertainty of the areal capacity in the
voltage profile is ~3%, attributed to the estimation of the cell active area. Periodic fluctuation of the
Coulombic efficiency comes from temperature change in a day during the measurement.

3.3.2 Li concentration gradient across LNMO/LiPON interface

Neutron depth profiling (NDP), is a robust method by which select light elements (e.g., Li)
can be quantified}’”. Unlike XPS depth profiling technique, NDP is a nondestructive
approach, 718 which enables the quantification of the average Li concentration through the
sample along the thickness direction. There have been numerous studies over the last several years,
where NDP has been applied to the study of Li-ion battery materials*>177:17%-181 |n this study,
NDP was utilized to examine the Li concentration profile of a pristine LNMO/LiIPON sample to

investigate the possibility of LNMO overlithiation.
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Figure 3.4 (a) is a schematic of NDP measurement setup, where samples are mounted in a
vacuum chamber and cold neutrons are directed at a sample. Along the pathway, neutron may react
with 8Li and generates charged particles, “He?* (alpha) and 3H* (triton), with characteristic kinetic
energies. Note that alpha particles are filtered out by the thin polyamide film cover and only the
triton particles are detected. The energy loss of the charged particles as they pass through the
material is due to the stopping power of the material. Li concentration as function of depth is
obtained by plotting the detected number of triton particles as a function of final kinetic energy.
During this experiment, a LNMO/LiPON thin film sample was measured by NDP, with a LNMO
thin film measured as a reference for the interface sample. Figure 3.4 (b) exhibits triton-based Li
areal concentration depth profiles from the LNMO/LiIPON sample (black), LNMO sample (red),
and their subtraction (blue) in Li atoms cm. The subtracted profile represents variations in Li
across the bulk and interface regions of sample after the LiPON layer is added to the LNMO.

To estimate the contributions from the bulk LiPON and interface regions, the subtracted
curve (blue dots in Figure 3.4 (b) and (c)) is fit with a Weibull function (details explained in
supporting information and Table S1)'# in the energy range between 2551 keV and 2358 keV,
where bulk LiPON is dominant in the LNMO/LiPON sample. The fit model is then extrapolated
to the lower energy region to estimate the Li concentration contributed from pure LiPON (magenta
curve in Figure 3.4 (c)). Lastly, the subtraction of the extrapolated model (magenta curve in Figure
3.4 (c)) from the calculated curve (blue curve in Figure 3.4 (c)) is plotted as a green line in Figure
3.4 (c), which represents the interfacial effect from the LNMO/LiPON sample. As shown in the
inset of Figure 3.4 (c), a noticeable difference in Li concentration between the subtracted (blue)
and the extrapolated curve (magenta) can be observed. The positive difference (green) suggests a

slight increase of Li concentration at the interface between LNMO and LiPON. Such Li
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concentration increase (atoms cm™) in LNMO is further estimated by integrating areal Li
concentration in atoms cm from the energy range between 2358 keV to 2200 keV, which falls
into LNMO region. The integration gives a Li concentration increase of =~ 4.00x10%° atoms cm™
at the LIPON/LNMO interface, which is ca. 3% of the concentration compared with the designed
stoichiometry of LiNiosMn1504 cathode. It is worth noting that there is a difference on the amount
of overlithiation between NDP and electrochemical testing. This comes from the different
quantities that are measured in each characterization — NDP detects all the Li in the film while
electrochemical testing solely measures the activated Li ions. It should be emphasized that NDP
measures Li concentration across open aperture area centered on the film and demonstrates a 3%
Li increase relative to all the cathode materials in the thin film sample. In contrast, the difference
between 1%t and 2" charge capacity measured by electrochemical testing only represents how much
activated Li in the first cycle is reversible. Considering a higher discharge voltage cutoff (3.5 V)
than the open circuit voltage of pristine Liz.oNMO (= 2.8 V) is used, the difference is attributed to
the sum of overlithiated Li and irreversible capacity during cycling. Furthermore, electrochemical
testing does not necessarily activate all the materials inside the sample, suggesting the observed
capacity would not always match actual Li amount in cathode®®3,

NDP results indicate an increased Li concentration at the LNMO/LIPON interface. One
possible source of this increase is overlithiation of the LNMO surface. Different lithiation states
of LNMO were therefore investigated with first-principles calculations to further understand the
impact of overlithiation on LNMO material. The LiNMO modeling structure was altered from x =
0 to x = 2 to represent the delithiated state and overlithiated state of LNMO, respectively. (Figure
3.4 (d)). Figure 3.4 (e) displays the average magnetizations of Mn and Ni species calculated at

each lithiation state; this can be used as an indicator of the oxidation state(s) of transition
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metals'®18, The magnetization number of Ni decreases from 1.7 ps t0 0.5 ps (1 ps = 9.274x10 %
J T7%, Sl units) during the delithiation (charging) process (x = 1 to 0). This indicates that the Ni
redox changes from Ni?* to Ni** for the charging process'®+!8, The magnetization number of Ni
does not vary due to overlithiation (x = 1 to 2). In contrast, Mn magnetization changes from 3.2 ug

to 3.7 us when the structure is overlithiated, suggesting a Mn reduction as more Li is inserted into
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Figure 3.4 Li concentration across LNMO/LiIPON interface. (a) Schematic image of neutron depth profiling
(NDP) setup. (b) Li concentration profile (atoms/cm?) of LNMO/LiPON (black), bare LNMO (red), and
subtraction of bare LNMO from LNMO/LiPON as a function of detected triton energy. (c) Li concentration
profile of subtraction of bare LNMO from LNMO/LiIPON (blue, same data in (b)), Li concentration of bare
LiPON simulated with Weibull function (magenta), and subtraction of simulated curve from
(LNMO/LiPON)-(LNMO) curve (green). (d) Structures of LixNiosMn1s504, which are used for DFT
calculation, at x = 1 (pristine), x = 0 (delithiated), and x = 2 (overlithiated). (e) Averaged magnetization of
Ni (black) and Mn (red) at each lithiated state of LNMO. (f) Relative ¢ length of the supercell at each
lithiation state from x = 0 to x = 2 in LNMO.

Along with the change in magnetization numbers, the relative lattice parameter evolution
of the supercell at each lithiation state is plotted in Figure 3.4 (f). When x in the LYNMO structure

exceeds 1, the lattice parameter in c direction becomes relatively longer than the a and b directions.
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This leads to a distortion of the lattice in the ¢ direction and, consequently, a phase transformation
to a tetragonal phase. Such Jahn-Teller (J-T) distortion is attributed to the presence of Mn®*. The
Mn cation is normally located at octahedral site bonded with O anions. This causes the classical
ligand field splitting (crystal field splitting) and, as a result, d-electron states can be split into triplet
(t2g) and doublet (eg) states, which stabilizes the Mn-O bonding configuration. In the case of Mn®",
three of the four 3d electrons are in dyy, dy; and dx orbitals of the toq state and leaves one d. electron
in eq state (high spin state). The Mn-O octahedral structure becomes elongated in the ¢ direction
to minimize Coulombic repulsion between the electrons in Mn d;2 orbital and the electrons in O
2p orbital as the dz electron orbitals are parallel to the c direction of the octahedron. Therefore,
the presence of J-T distortion when x > 1 implies the reduction of Mn from 4+ to 3+. This matches
with the average magnetization results in Figure 3.4 (e).
3.3.3 Mn oxidation state evolution at LNMO/LIiPON interface

Scanning transmission electron microscopy/electron energy loss spectroscopy
(STEM/EELS) were then conducted to experimentally verify the oxidation state of Mn across the
LNMOJ/LIPON interface. Cryogenic protection was applied on the TEM specimens during STEM
measurements, given the beam sensitivity of LiPON as reported in the past study®!. Figure 3.5 (a)
displays the cryo-STEM high-angle annular dark field (HAADF) image of the pristine
LNMO/LIPON interface, where LNMO and LiPON regions can be identified based on differences
in contrast. The highlighted spots represent the region where EELS spectra were extracted. Mn L-
edge spectra are plotted in Figure 3.5 (b). The low signal intensity detected in the Mn L-edge
spectrum at spot 0 indicates the absence of Mn in this region and that the major component is
LiPON. The characteristic peaks of Mn L-edge appear in the spectrum from spot 1 to spot 5,

suggesting the range of the LNMO/LIPON interface region. The Lz and L. peaks of Mn L-edge
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correspond to electron transition from 2ps/2 and from 2pa/2 to unoccupied d orbitals, respectively*€®.
The oxidation states of the transition metal species can be identified by analyzing the intensity
ratio between Lz and L peaks and comparing it to the values collected on standard Mn compounds
in which the oxidation states of Mn are known. A step function is commonly used to fit these
spectra so that the intensity ratio of L3 peak to L» peak can be calculated and plotted®, as shown
in Figure 3.5 (c). In Figure 3.5 (c), Mn at spot 1 shows a La/L intensity ratio = 2.9, while the ratio
decreases to ~ 2.4 for the Mn from spot 2 to spot 5. According to Wang et al., Ls/L> intensity ratio
of 3.85, 2.6, and 2.0 corresponds to Mn?*, Mn®", and Mn*" oxidation states'®, respectively.
Therefore, the oxidation state of Mn at the starting of the LNMO/LiPON interface is likely to be
between Mn®" and Mn?*. This Mn oxidation state at the interface was more reduced than the one
found within the LNMO bulk, which is comparable with a bare LNMO thin-film sample. The
computational results reveal that Mn oxidation state is reduced from 4+ to 3+ when LNMO is
overlithiated and form LYNMO (x > 1), as shown in Figure 3.4 (d). The combination of Mn L-edge
intensity ratios, computational results and electrochemistry indicate that Mn at LNMO/LiPON
interface (spot 1) shows an oxidation state of 3+, which is likely attributed to the overlithiation of
LNMO, while bulk LNMO shown at spot 2 to spot 5 has mixed states of Mn®* and Mn**. Another
possible cause of Mn reduction is the bombardment of LiPON during sputtering. Song et al.1™ has
shown that oxygen vacancy can trigger Mn** generation from Mn** for charge compensation, and
cathodes with more oxygen vacancy can deliver a longer plateau at 4.0 V in the voltage profile.
The Mn®*" ions should be oxidized to Mn** during the charge in the 1% cycle and remain above 3+
after the discharge to 3.5 V as the electrochemical lithiation voltage corresponding to Mn** —

Mn3* is at 2.8 \/33176,
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Figure 3.5 (d)-(f) shows the Mn oxidation states at LNMO/LiPON interface after 500
cycles. As can be seen in Figure 3.5 (e), the absence of Mn signal at spot 0 in the STEM image
(Figure 3.5 (d)) demonstrates there is no Mn migration from LNMO to LiPON region, in stark
contrast to the Mn dissolution phenomena in liquid electrolyte system. Compared to the pristine
interface (Figure 3.5 (c)), the cycled interface has much decreased Ls/L. intensity ratio at spot 1 in
Figure 3.5 (f), indicating a less reduced Mn environment. During the charging process in the 1%
cycle, excess lithium atoms that caused overlithiation of the LNMO are extracted, a process
manifests as a plateau at 2.9 V in the electrochemical measurement. Reduced Mn (Mn®*) due to
overlithiation and LiPON deposition is also oxidized in the 1% charge, rationalizing the measured

increased Mn oxidation state in subsequent cycles.
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Figure 3.5 Mn oxidation state changes across the pristine and cycled interface. (a-c) Analysis of pristine
LNMO/LIPON interface and (d-f) cycled LNMO/LiIPON interface. Cryo-STEM image (a) at pristine
interface and (d) at cycled interface. (b) Mn L-edge EELS spectra at each point of pristine interface and (e)
cycled interface. Intensity ratio of Mn Lz peak to L, peak with error bars (c) for pristine interface and (f)
cycled interface. Details of the intensity integration method are illustrated in Figure S3.
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3.3.4 Nanostructure and morphology at LNMO/LIiPON interface

The nanostructure and morphology of the layers were additionally characterized to
elucidate the interfacial stability and to compliment the above discussed chemical analyses. Cryo-
TEM images at the LNMO/LIPON interface before and after cycling were obtained and
summarized in Figure 3.6. Figure 3.6 (a) shows the high-resolution TEM (HRTEM) image of
pristine LNMO/LiIPON interface. No voids or cracks are formed when LiPON is deposited on
LNMO. Detailed nanostructure was also inspected and shown in Figure 3.6 (b) and (c). Lattice
fringes observed in these images match well with (111) lattice plane of LNMO*"18 and indicates
that LNMO maintains its crystal structure after the full cell preparation. Note that LNMO structure
should be slightly distorted due to the lithiation and Mn reduction as aforementioned, while the
lattice spacing change due to distortion is significantly small and was not detectable with HRTEM.
More details about the calculation on lattice spacing change are included in the Supporting
Information. A cycled LNMO/LIPON interface is shown in Figure 3.6 (d). It displays surprisingly
intimate contact between the LNMO and LiPON layers and an absence of voids or cracks, even
after 500 cycles. Figure 3.6 (e) and (f) demonstrate that the crystal structure of LNMO is
maintained in both the bulk and interface regions. Although the cell was cycled at a rate of 5 C,
which can be considered as fast cycling and results in the cell having 40% of its original capacity,
the LNMO/LIPON interface remains intact and shows no signs of structural change or defect
formation. In Figure 3.6 (g)-(k), a clear difference between crystalline region and amorphous
region is highlighted by the yellow curve along the cycled LNMO/LIPON interface. Very little
CEIl is observed in this region. These observations provide good evidence for the long-term

structural stability of the LNMO/LIPON interface.
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An interesting phenomenon was observed in the LiPON after 500 cycles. Cryo-HRTEM
imaging of the LiPON in a pristine LNMO/LiPON sample (Figure 3.7 (a)) indicates nanocrystal
formation in areas highlighted by the yellow dot lines. These nanocrystalline species are identified
as LisPO4 and LioPO2N through the features in Fast Fourier transform (FFT) patterns shown in
Figure 3.7 (b) and (c). These are likely to be decomposition products of LiPON based on past
computational results®®. Such partial decomposition occurs only at a small portion of the interface.
Similar phenomenon is observed at the cycled LNMO/LiIPON interface (Figure 3.8 with lattice
patterns displayed in (a) and FFT analysis displayed in (c)-(e)). The presence of LiPON partial
decomposition in both pristine and cycled LNMO/LIPON interfaces implies that such
decomposition is driven chemically instead of electrochemically. This is discussed further in the

following section.
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Figure 3.6 Interfacial nanostructure and morphology at the LNMO/LiIPON interface(a) Cryo-TEM image
of pristine LNMO/LiPON interface and (b) zoomed LNMO images of bulk (inset; FFT image) and (c)
surface (inset; FFT image). (d) Cryo-TEM image of cycled LNMO/LiPON interface and () zoomed LNMO
images of bulk (inset; FFT image) and (f) surface (inset; FFT image). (g) Another cryo-TEM image of
cycled LNMO/LIiPON interface and (h-k) zoomed interface images at different spots
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Figure 3.7 Cryo-TEM of pristine LNMO/LIPON. (a) Cryo-TEM image of LiPON in pristine
LNMO/LiPON. FFT images of (b) spot I and (c) spot Il.
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Figure 3.8 Cry—TEM of cycled LNMO/LIPON. (a) Cryo-TEM image of cycled LNMO/LiPON and (b)
magnified image of the area surrounded by red dot lines in (a). FFT images of (c) spot I, (d) spot I1, and (e)
spot I11.

3.3.5 An electrochemically stable and mechanically compatible solid-solid interface
The stability at LNMO/LIPON interface stems from two separate perspectives: i) the
intrinsic structural resilience of LNMO, and ii) the unique characteristics of LIPON. The LNMO

material’s spinel crystal structure determines its ability to accommodate excess Li. Upon
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overlithiation, LNMO experiences a phase transformation from cubic to tetragonal structure while
it homes extra Li in the structure without sabotaging the cyclability and interface stability. Spinel
analogue anode material, LisTisO12 (LTO), undergoes a similar phase transformation when extra
Li is inserted into the structure while maintaining LTO’s highly reversible cycling performance.'8®
Contrary to spinel oxides, layered oxides are prone to unfavorable changes with excess Li. LCO
suffers from the formation of a disordered phase that comprise of a mixture of Li,O and CoO
between ordered LCO and LiPON during sputtering process. This results in an extra interfacial
impedance and can inhibit cycling performance.*®°° LixNiosMno1C00.10, (NMC811), another
layered cathode material, experiences a 45.5% capacity loss in subsequent cycles after deep
discharging to 0.8 V vs. Li/Li" in the initial cycle in the liquid electrolyte system.!®® The ability of
spinel oxides to withstand surface overlithiation renders LNMO suitable for coupling with LiPON
electrolyte, and serves to increase the surface Li chemical potential of the cathode for better
interfacing with solid electrolytes.

Three aspects can be considered regarding the uniqueness of LiPON material. The
overarching factor is the electrochemical stability of LiPON. Partial decomposition of LiPON is
observed after its deposition onto LNMO surface. This indicates a certain extent of chemical
incompatibility. However, long-term cycling does not result in additional decomposition of
LiPON. Rather, most of the LiPON remains amorphous along the interface. This implies that
LiPON is electrochemical stable against a high voltage LNMO cathode. Further EELS analysis at
the cycled LNMOJ/LIPON interface shows no noticeable changes in the P and N chemical
environments, which suggests the stability of LiPON’s chemistry against highly oxidative
potential (Figure 3.9). Such electrochemical stability could be influenced by the increased Ll

concentration estimated from the NDP results. The ascending Li content across the interface from
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LNMO to LiPON region represents a gradually ramping chemical potential, which mitigates the
oxidative potential from high voltage LNMO and protects LiPON from further decomposition®®.
Coupling with the analogous chemical gradient feature observed at Li/LiPON interface
elsewhere®!, the presence of gradient interfaces, which exhibits exemplary electrochemical
stability, hint on the plausibility of engineering solid-solid interfaces so that drastic chemical
potential differences between electrode and electrolyte can be diminished to achieve desired
stability. Such features also serve to eliminate the possible effect from space charge at the interface,
even though the impact from Li deficient layer in SSE, as proposed in space charge theory, on

interfacial transport properties remain inconclusive>8°:191.192,
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Figure 3.9 Compositional analysis of the cycled LNMO/LiPON interface by EELS. (a) STEM HAADF
image of cycled LNMO/LiIPON interface. (b) P K-edge and (c) N K-edge EELS spectra at each spot as
highlight at the cycled interface in (a).

Another aspect of LIPON being stable against LNMO ties into its mechanical

characteristics. Herbert et al. measured the Young’s modulus of LiPON by nanoindentation and



obtained a value of 77 GPa'"®

. This high modulus provides LiPON a rigid characteristic. However,
Lee et al. reports a 11% - 13% volume change of LY\NMO cathode upon lithiation from x =0 to x
=2.18 Given the polycrystalline feature of LNMO cathode, anisotropic stress generated at the
interface during such repeated volumetric changes can cause catastrophic impact on LiPON’s bulk
structural integrity such as cracking or delamination, while none of these issues were observed to
occur at the LNMO/LIPON interface. The fact that LiPON retains an intact contact with LNMO
after long-term cycling suggests that the LiPON in this study may be a relatively soft material.
This is consistent with some observations on the flexibility of LiPON in literature!’*1%, yet further
experimental validation is needed.

The last aspect of LiPON’s stability against LNMO correlates with its morphological
characteristics. LIPON is known for its amorphous structure and dense, pinhole-free feature. Such
merits of LiPON give rise to its even coverage over LNMO after deposition and facilitates a
uniform overlithiation on an LNMO surface, namely a conformal interface. In the case of a liquid
electrolyte system, the CEI tends to be non-uniform in both composition and thickness, due to the
hardly controllable mass transfer in a liquid environment, which diminishes the passivation effect
of such interfaces. Compared to studies with other solid electrolytes (i.e., LizLasZr,0O12 and
LisPSsCl, etc.), roughness at the pelletized cathode/electrolyte interface can incur inhomogeneity
in terms of contact and pressure, resulting in interface non-uniformity’®*'%. Given the
compatibility of LiPON against varieties of cathodes, an artificial LIPON layer deposited on a
cathode surface could serve as a simple protection strategy to alleviate the interfacial reaction

between a less electrochemically stable solid electrolyte and highly oxidative cathode material.

Alternatively, employing methodologies for producing glassy material (e.g., via fast quenching)
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to amorphize conventionally crystalline solid electrolytes through the creation of defects could
well steer the morphological features and enhance interfacial stability.

It should be noted that the absence of a carbon conductive agent also helps to achieve the
stable cycling performance. Although carbon additives improve electronic conductivity of a
cathode or an anode composite electrode, past researches has indicated that carbon additives can
accelerate the decomposition of an electrolyte and form CEI on a cathode’s surface!®®% and SEI

on an anode’s surface'%

, causing capacity degradation of cells. The high electronic conductivity
of the carbon also creates an electronic pathway for electrolyte redox reactions to occur. Therefore,
it is critical to avoid carbon or minimize its surface area to suppress the kinetics of the electrolyte
decomposition.

To better illustrate the interface configuration between LNMO and LiPON, a schematic is
shown in Figure 3.10. Examinations of an LNMO/LiPON interface using NDP, DFT and cryo-EM
yields intriguing results that are closely related to the stability of the materials’ interface. An ideal
cathode electrolyte interface requires the electrolyte to remain either chemically or
electrochemically stable against the cathode and mechanically robust. An as-formed CEI ought to
be uniform and conformal, consisting of species that are electronical insulating and ionically

conductive to prevent further decomposition of electrolyte. Finally, the cathode should be able to

retain the crystal structure after extended cycling.
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Figure 3.10 Schematic illustration of microscopic LNMO/LiPON interface At the LNMO/LiPON interface
(left), microscopically LNMO/LiIPON contact without void and cracks both (a) as deposited and (b) after
cycling between 3.5V - 5.1 V. As deposited interface in (a), overlithiated regions is likely to exist in LNMO,
where Mn oxidation state is reduced to 3+. After cycling (b), such area disappears and Mn** is dominant in
overall LNMO. In both interface, partial decomposition of LiPON is observed. Not to scale.

3.4 Conclusions

New insights into the interface between LNMO cathode and LiPON solid electrolyte have
been gained by combining targeted spectroscopic, microscopic, and computational tools. An
overlithiation layer of LNMO at the LNMO/LiPON interface due to LiPON deposition is revealed
by NDP, which accounts for the excess capacity during the 1% charge of LNMO. Overlithiated
LNMO exhibits a Mn oxidation state change from 4+ to 3+ as confirmed by both DFT prediction
and cryo-STEM/EELS examination. The cathode structure is intact under the overlithiation and is
not significantly impacted after electrochemical activation. Cryo-TEM further shows a
LNMOJ/LIiPON interface with intimate contact that is free of voids and cracks over the course of
500 cycles. STEM/EELS demonstrates that major elements across the interface keep their original
chemical bonding environment. The observed conformal and stable interface contributes to the
electrochemical stability of LiPON against LNMO. The knowledge gained from additive-free

electrodes and its close contact to mechanically and electrochemically compatible SSE
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demonstrate that the long-term cycling stability of 5 V-class cathode materials is achievable with

dedicated interface engineering.

3.5 Supplementary Information about Neutron depth profiling (NDP)
3.5.1 NDP fitting
Subtracted NDP profiles Figure 3.4 (c, blue) in the range between 2551 and 2358 keV

were fitted with the following Weibull function:

1-as 1\ %71 1\ %
a; — 1\ a xX—a az; — 1\as xX—a az; — 1\as a; —1
- )3( (e )3) p[( (e )3) e ]
as a; as a; as as

Here, ay, a;, a,, and a; are amplitude, center, width (> 0), and shape (>1.01). The fitting results
are summarized in the Table 3.1 below. The quality of the fitting is estimated from the R? value
and is calculated to be 0.9993. The Weibull curve with using the parameters below is extrapolated
down to 2140 keV (Figure 3.4 (c, magenta)). Further details of this analysis method can be found
in this literature!®,

Table 3.1 Fitting results of subtracted NDP profile by Weibull function

Parameters Fit results Errors
ao 5.08103x10% +3.75795 < 101
a 2412.46 +0.72979
a, 279.079 1+73.2746
as 7.79389 +1.96886
R? 0.9993 -

3.5.2 NDP depth profiling analysis
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Measured triton energy can be converted to depth information by using the Transport of
lons in Matter (TRIM) software!3®, which can estimate kinetic energy loss of ions passing through
various matters based on Monte Carlo simulation. In the calculation, the following parameters in
Table 3.2 are used as a materials stoichiometry with varied thickness value to simulate the energy
loss at each depth. Thickness of each layer is quantified by FIB-SEM image in Figure 3.11 (a) that
shows LNMO and LiPON are 2.74 um and 2.24 pum, respectively. The initial kinetic energy of 3H*
ion is set at 2727.92 keV and its mass is set at 3.016 amu (= 5.008 x102* g). Obtained energies at
each depth are average of ~ 9,999 particles of simulation.

Table 3.3 summarizes input depth, where the particles are generated with the initial energy,
and calculated energy after tritons passing through the matters. Actual depth used in the simulation
is the total depth in Table 3.3 plus thickness of the polyimide tape (= 7.6 um). Simulated energy
is plotted in Figure 3.11 (b) as calibration curves. Note that there are two different particles having
different pathways: LNMO/LiIPON/polyimide tape and LiPON/polyimide tape. The tritons
generated from ’Li in LNMO travel through LNMO, LiPON and polyimide tape while those
generated in LiPON travel through only LiPON and polyimide tape. Hence, two calibration curves
are needed. The deep side of the curve (red in Figure 3.11 (b)) is fitted by:

d(LNMO/LiPON/PI) = —1.650E? — 0.006E + 25.18
Here d and E represents depth and Kinetic energy, respectively, and Pl denotes polyimide tape
covering surface. The shallow side of the curve (blue in Figure 3.11 (b)) is fitted by:
d(LiPON/PI) = —6.844E% — 0.019E + 50.33
In both fitting calculations, R? is 1.000, meaning quality of fitting is satisfactory.
Figure 3.11 (c) is depth profile of Li concentration converted from Figure 3.4 (b) by the

calibration curves above. To convert from 2D concentration (atoms cm) to 3D concentration
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(atoms cm-3), each 2D concentration is integrated by each depth step. In Figure 3.11 (c), it is
apparent that Li depth profiles in LIPON and LNMO layer clearly match the observed cross-
section in Figure 3.11 (a). Furthermore, Li concentration in atoms cm is in accordance with each
theoretical value, in which L1.0NiosMn1504 and LizsaP1.00335No3s are 1.33x10%2 and 3.11x10%2
atoms cm?, respectively. At the LNMO/Pt interface around 4 pm in depth, the long slope is
observed. This might be ascribed to the interdiffusion of LNMO and Pt layers, which was reported
by Kim et al.*%

As can be seen, NDP measurement clearly visualizes Li concentration in each layer and
have good agreement with the results done by other characterization. At the interface between
LiPON and LNMO, in contrast, an increase in Li is observed and that reached = 1.5 um deep into
the LNMO layer (black in Figure 3.11 (c)). The depth range of this increase is larger than the
resolution of the NDP detector (= 50 nm) and the roughness of the LNMO/LiPON interface (= 100
nm, see (S)TEM images in Figure 3.5, Figure 3.6, Figure 3.8, Figure 3.9, and Figure 3.11). The
LNMO was also observed to not be porous, thus excluding the possibility of LiPON being
deposited deep into the LNMO layer during cell fabrication. It is possible that this increase is a
sign of overlithiation.

The profiles presented in the manuscript body are reported in units of areal concentration
(Li atoms cm?) vs. energy (keV). This was done as there is known chemical and structural
variability of the interface, which can cause an inaccurate conversion calculation of the profiles’

scales into Li atoms cm™ vs. depth (um), respectively’®,
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Table 3.2 Stoichiometry of stopping matters used in TRIM simulation®?

LNMO LiPON Polyimide tape
(0—2.74 um) (0-2.24 um) (7.6 um)
Li 1 Li 2.84 H 2.63
Ni 0.5 P C 69.1
Mn 15 O 3.35 N 7.3
0] 4 N 0.38 o) 20.92

Table 3.3 Thickness input value and corresponding simulated energy

LNMO thickness  LiPON thickness Total depth Simulated energy
(wm) (wm) (wm) (keV)
2.74 2.24 4.98 2159.03

2 2.24 4.24 2216.07
1 2.24 3.24 2291.43
0.5 2.24 2.74 2328.82
0.1 2.24 2.34 2358.33
0.05 2.24 2.29 2362.13
0.01 2.24 2.25 2365.16
0 2.24 2.24 2365.58
0 2 2 2376.61
0 1 1 2421.96
0 0.5 0.5 244473
0 0.1 0.1 2462.96
0 0.05 0.05 2465.08
0 0.01 0.01 2466.88
0 0 0 2467.28
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Figure 3.11 Li concentration profile analysis. (a) Cross-sectioned image of LNMO/LiPON by FIB-SEM.
(b) Calibration curves for LNMO/LiPON/Polyimide tape (red) and LiPON/Polyimide tape (blue), which
are used to convert the observed energy to the sample depth. (c) Li concentration profiles as a function of
depth, converted from Figure 2 (b), for LNMO/LiPON (black) and LNMO (red). Uncertainty in (b) is < 2%
and is based on the (lo) standard deviations of the average energy value calculated for the particle
transmitted from the defined depth position. Uncertainty bars in (c) may be smaller than the data points, is
reported to 1o, and is calculated from experimental counting statistics and known uncertainties for
parameters used in the counts-to-atom concentration calculation.
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Chapter 4 Elucidating Dynamic Conductive State Changes in
amorphous Lithium Lanthanum Titanate for Resistive Switching
Devices

4.1 Introduction

Neuromorphic device, which aims to mimic human brain and facilitate a revolutionary
computing system, has attracted interests in the field, as a demand of artificial intelligence (Al)
has been growing®2%201 To emulate synaptic behavior, resistive random-access memory
(ReRAM) is one of the promising memory devices owing to its simple metal-insulator-metal
(MIM) structure, non-volatility, and low power consumption®’. In ReRAM devices, the resistance
of the material changes under an external electric field. In general, insulative materials used are
high resistance state (HRS), or OFF state, at the beginning, which are switched to low resistance
state (LRS), or ON state, when electrical stimuli is applied. So far, various simple oxide materials
such as binary oxides (e.g. HfOx, AlOx, NiO, TiOx, and SiOx) and perovskite oxides (e.g. SrTiOz3)
have been explored as a ReRAM device. The underlying mechanisms are proposed to be the
formation of conductive filaments inside insulator, resulting in reduced resistance of the whole
device®”192103  However, a more comprehensive understanding of the resistive switching
mechanisms is lacking for emerging smart materials.

On the contrary to fundamental study of ReRAM, all solid-state thin-film batteries are
another intriguing field for both fundamental interface studies and application for micropower
source?90:5459-61.202 - Those battery studies share common features such as dynamic ion/defect
migration (Li* and oxygen vacancy)!®?%3204  phase transformation under their
operation!®®112205206 - andg similar architecture (electrode-electrolyte-electrode)®”2%2, Those
similarities are expected to enable us to have synergetic effect on their investigation, leading to

deeper understanding on both fields. Indeed, these days, knowledges acquired through battery
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studies are transferred to develop new resistive switching devices. For example, Fuller et al.
explored LiCoO, a popular cathode material as a potential materials for neuromorphic computing
devicel®, This is ascribed to nonmetal-metal transition of LixCoO2 (0 < x < 1) that changes its

electronic conductivity by the factor of 10° depending on lithiation state®

. ’Young et al. reported
that Li-ion battery anode material, LixTisO12 (4 < x < 7), exhibits significant increase in electronic
conductivity by a factor of ~108 upon only a few percent of lithiation''?. Not only those electrode
materials, but solid electrolyte materials also has a strong potential to be a resistive switching
device since it is designed to be electronically insulative at pristine state as one of the requirements.

Recently, our group has developed amorphous lithium lanthanum titanate (LisxLaz/3xTiO3,
LLTO) thin film as a solid-state electrolyte for all solid-state thin-film batteries by using pulsed
laser deposition®®, which has higher ionic conductivity (=107 S/cm) than a conventional thin film
solid state electrolyte, such as lithium phosphorous oxynitride (LiPON, ~10® S/cm) has. In the
study, we optimized thin film deposition pressure and temperature to maximize its ionic
conductivity with sufficiently low electronic conductivity. Amorphous feature facilitates ionic
conduction by reducing grain boundary factor in its resistance, which had been limited LLTO with
the value below 10 S/cm as a material ionic conductivity.

Beyond its application to energy storage devices, recent work on amorphous LLTO (a-
LLTO) done by Shi et al. has demonstrated a memristive switching response under the stimuli of
an external electric field, indicating the potential of integrating a-LLTO as a neuromorphic
material for the future generation of memristors?®’. Deng et al. recently reported that LLTO shows
switching behavior by the order of 10% and the different type of contact at the top electrode/LLTO

interface and LLTO/bottom electrode cause rectifying effect in Pt/LLTO/Pt device®®. However,

composition of thin film LLTO is quite far from the original design (about 10%) and there is little
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of the direct evidence about such differences at the interfaces. In their study, they tested the
Pt/LLTO/Pt device up to 6 V, which is too high voltage to make it stably cycles. Therefore, despite
its unique feature, the resistive switching mechanism of a-LLTO is yet to be interpreted well.
Although the resistive switching mechanism might be explained by the formation of conductive
pathway inside a-LLTO, lack of characterization method to identify the growth of such conductive
pathway makes it difficult to elucidate the mechanism in detail due to its amorphous feature of a-
LLTO (no crystalline feature) and nanoscale filament growth (too small to observe).

In this work, we demonstrate successful observation of LLTO resistive switching behavior
and optimization of voltage range to achieve both restive switching and cycling stability.
Furthermore, electronic conductivity changes that provoke the LLTO switching are investigated
through experimental approach and the first-principles analysis. Based on the experimental and
computational results obtained so far, switching mechanisms are discussed with a simplified LLTO
model. At last, in-situ testing of LLTO nano device under focused ion beam (FIB) setup and
biasing holder are demonstrated, which aims for scanning transmission electron microscopy
(STEM)-electron energy loss spectroscopy (EELS) and conductive atomic force microscopy (c-

AFM) to fully elucidate the switching mechanisms of LLTO.

4.2 Experimental method
4.2.1 LLTO target synthesis

LiosLaosTiOs was synthesized through solid-state reaction, based on past study®. A
stoichiometric amount of Li2COgz (Sigma Aldrich), La2O3 (Sigma Aldrich), and TiO2 (anatase,
Aldrich) powders were thoroughly mixed by a high energy ball mill (Emax, Retsch) in ethanol.

Before mixing powders, La>Os was dehydrated at 900°C for 4 hours with a ramping and cooling
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rate at 5 °C/min in a box furnace. After ball-milling and removing ethanol, the mixed powder was
calcinated in an alumina crucible in a box furnace. This calcination was conducted at 1200°C for
6 hours with a ramping and cooling rate at 5°C/min. The calcinated powder was grounded in a
mortar and pestle and pelletized into a 1-1/8-inch die at 10 tons for 5 minutes. The pellet was
sintered at 1300°C for 5 hours with the ramping and cooling rates at 5 °C/min. After sintering, the
pellet surface was polished with sandpaper.

The molar ratio of Ti to La in the synthesized target was studied by electron energy-
dispersive X-ray spectroscopy (EDS) equipped with FEI Quanta FEG 250, showing 2.12+0.37
(Designed value: 2). The target was fixed on the holder for pulsed laser deposition (PLD)
processing.

4.2.2 LLTO thin-film deposition and device fabrication

With the synthesized target, LLTO thin film was deposited by PLD. The deposition was
conducted by 248 nm KrF Lambda Physik LPX-Pro 210 excimer laser in an Excel Instruments
PLD-STD-12 chamber. The laser was set at an energy fluence ~2 J/cm? and 4 Hz frequency for
5000 shots during the deposition. Ni-coated SiO./Si wafer (MTI corporation) was used as a
substrate, and the LLTO film was grown at 400°C substrate temperature under 200 mTorr of O
pressure. On top of the LLTO film, 9 spots of Ni current collector (~¢1 mm) were deposited by
DC sputtering (Denton Discovery 18 sputter system, National Nanotechnology Coordinated
Infrastructure).

4.2.3 Electrochemical testing

The electrochemical property of the deposited Ni/LLTO/Ni device was tested by a

potentiostat with ultra-low current option, Biologic SP-200. Switching property was measured

through the swept voltage at the rate of 0.04 V/sec with different voltage windows. Electronic
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conductivities of the films were also measured, where current was measured by applying constant
voltage at 10 mV. Then, the electronic conductivity, a,, were calculated through the following
equation:

_
% = av
Here, £, A,V, and I are thickness of the film, area of top Ni current collector, the applied voltage

(10 mV), and measured current after relaxation, respectively.

4.2.4 First-principles calculation

In order to explain the effect of ions (Li and O) on LLTO, the electronic structure of LLTO
was investigated in the spin polarized GGA+U approximation to Density Functional Theory
(DFT)?%., Projector augmented-wave method (PAW) pseudopotentials were employed as
implemented in the Vienna Ab initio Simulation Package (VASP). The Perdew-Bruke-Ernzerhof
(PBE) exchange correlation and a plane-wave representation for the wavefunction®® were used,
where a cut-off energy was set at 600 eV. The Brillouin zone was sampled with a k-points mesh
of 3x3x3 for density of states (DOS) calculations. Effective U values used through all the
calculations were 5 for Ti. Cubic spinel structure (space group: Pm3m), LisLasTigO24, drawn by
VESTA?!! was used as an initial structure and the electronic structures of LLTO with different Li
and O compositions were studied to simulate each point inside biased LLTO.
4.3 Results and Discussion
4.3.1 Switching behavior of Ni/a-LLTO/Ni device

LLTO thin film was prepared by pulsed laser deposition (PLD) under the condition that
our group previously optimized. Details are illustrated in 4.2.2. Then switching behavior of a-

LLTO with Ni electrodes were tested and demonstrates switching behaviors when it is cycled at 0
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V— 3.5 V—-3.5 V— 0V, where the device becomes HRS to LRS from 0 V to 3.5 V and becomes

LRS to HRS from 3.5V to 0 V (Figure 4.1 (a) and inset). The corresponding current difference at
1.0 V, for instance, is three orders of magnitude, which is large enough as a resistive switching
device. Figure 4.1 (b) shows resistance vs. voltage plot, also suggesting resistance decreases during

the sweep 0 V— 3.5V, i.e., ON, and increases during the sweep 0 V— 3.5V, i.e., OFF. To figure

out the optimal voltage range, different voltage ranges are explored and compared in Figure 4.1
(c), where the ratio of end-point current to current at 1.0 V as a reference point. Here end-point
current is defined as the current value at highest voltage in each voltage range. For example, when
the device was cycled at the range of -3.5 V <V < 3.5V, end-point current is the one at 3.5 V.As
can be seen, when the voltage range is -3.0 V < V < 3.0 V or smaller, the current ratio is 10? order
of magnitude while the current ratio become 10° when the voltage range is -3.5 V<V <3.5V or
larger. In Figure 4.2 and Figure 4.3, I-V curves at different voltage range are demonstrated as
linear-linear and log-linear plot, respectively. At lower voltage range (e.g. -2.5 V<V <2.5V), its
I-V curve is like “butterfly-shape” and different from the one at higher voltage range shown in
Figure 4.1 (a). Similar 1-V behavior was observed in the study by Deng et al.?*® and Kim et al.?*2,
implying the resistive switching is not activated at this lower voltage range. Thus, these results
show that the device needs certain amount of voltage to turn on the resistive switching, i.e. around

3.5V in above case.
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The durability of the devices cycled at different voltage ranges are studied as well. In Figure
4.4, responding end-point current are plotted as a function of cycling numbers. Figure 4.4 shows
that when the device is cycled at high voltage range such as 4.5 V and 5.0 V, the current change
over cycling is significant. This is because the voltage range goes above the voltage stability
window of LLTO. Zhu et al. has calculated the electrochemical window by density functional
theory (DFT) that is within 1.8 - 3.7 VV*°. Therefore, the device is not stably cycled at high voltage
range, even though it shows resistive switching behavior. In Figure 4.5, TEM images of a-LLTO
before and after biasing to 5.0 V are displayed. While pristine a-LLTO shows amorphous feature
in the magnified image and its FFT pattern (Figure 4.5 (c) and its inset), in the a-LLTO after
biasing, a periodic feature is partially observed, as shown in Figure 4.5 (e). FFT analysis tells that
this feature has 2.98 A spacing and equivalent to the crystalline of La,Ti.O7 %3, which might be a

sign that too high voltage causes the decomposition of a-LLTO.
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In summary of the discussion on lowest and highest limit of the voltage range, within the
voltage stability window of a-LLTO, the higher voltage than 3.0 V should be selected to make the
difference of the current at HRS and LRS as distinguishable as possible. If the voltage is too small,
the device does not show switching behavior, as we discussed above. If the operating voltage is
too high, such as 4.5 V or higher, a-LLTO is decomposed. As such, in order to retain
distinguishable resistive switching and relatively good cycling stability of the device, a voltage

range of -3.5V <V < 3.5 V should be used for the a-LLTO device.
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Figure 4.4 Cycling stability of Ni/LLTO/Ni system. End point current vs. cycle number. For example,
current at 3.5 V when voltage is swept between -3.5 and 3.5 V (= end-point current) is used as a current
value in the plot.
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Figure 4.5 TEM images of pristine and after-biasing state of LLTO. (a) Zoom-out and (b) magnified TEM
images of pristine LLTO. (c) Further magnified images of the area surrounded by red square in (b) with
(inset) FFT image. (d) Zoom-out and (e) magnified TEM images of LLTO after biasing up to 5 V. (c)
Further magnified images of the area surrounded by red square in (e) with (inset) FFT image. Periodic
pattern is found in its FFT image, which is equivalent to the structure with d-spacing at 2.98 A.

4.3.2 Effect of O vacancy on electronic conductivity

When a-LLTO is under electrical biasing, O% ions are migrated to positive side due to
Coulombic attraction. The microscopic composition of LLTO under biasing is speculated to show
gradational changes across the thickness direction, in which LLTO becomes O-rich on positive
side and O-poor on negative side (Figure 4.6 (a) left). To explore the effect of the different oxygen
composition on the electronic conductivity, a-LLTO thin films were deposited at various O partial
pressures during PLD process. Figure 4.6 (b) shows the change of electronic conductivity with O
pressures. There appears to be a critical Oz pressure around 0.08 mbar, where the electronic

conductivity of a-LLTO film changes drastically by more than 5 orders of magnitude. LLTO films
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deposited above the critical Oz pressure are insulative while the films under this point are much
more conductive, which is attributed to the introduction of O-vacancy into a-LLTO (O-poor
LLTO). Our past study by Lee et al. discussed that when O-vacancies form in LLTO, Ti** cations

are reduced to Ti®* for the charge compensation, and, consequently, electron conduction pathway

is formed®.
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Figure 4.6 Electrical conductivity dependency of a-LLTO. (a) schematic illustration of (left) biased a-LLTO
and (right) thin film deposited at various O2 partial pressure to demonstrate local composition in biased
LLTO film. (b) Electronic conductivity vs. O, deposition pressure during PLD. The horizontal error bar is
attributed to the accuracy of the pressure gauge, which is *=30%. The vertical error bar is from statistics of
multiple measuring points on one sample.

As Li* migrates to the negative side when O% migrates to the positive side upon biasing in
a-LLTO, DFT calculation is employed to interpret its electronic structure at different composition
to further simulate the effect of both Li and O across LLTO composition. Here we employ
crystalline LLTO to simplify calculations. Starting with cubic LLTO structure with 4 Li atoms, 4
La atoms, 8 Ti atoms, and 24 O atoms (Figure 4.7 (a)), LLTO composition is changed to simulate
when various Li and O contents are present. In the electronic structure calculation, three different
O compositions that contain 24 O atoms, 23 O atoms and 22 O atoms were simulated,

corresponding to 0%, ~4.2 %, and ~8.3 % of O vacancy, respectively. Similarly, the number of Li
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atoms were changed from 1 to 4 in the LLTO structure. Figure 4.6 (c) summarizes the band gap
values of LLTO with different compositions obtained from each electronic structure (e.g., Figure
4.7 (b)), where LLTO shows two major categories — the conductive phase (green) and insulative
phase (red). In the structures where Li content is stoichiometric or deficient, LLTO band gaps
decrease, indicating the increase of electronic conductivity with more O-vacancies. This has a good
agreement with the results of the electronic conductivities of LLTO film deposited at different O
pressures, suggesting that O-vacancy could serve as the key to induce conductivity change and the
resistive switching. In the structure that contains 23 O atoms, the band gaps experience an increase
and subsequent decrease as Li content is reduced, implying that not only O but also Li composition
influences the electronic structure of LLTO. As exemplified TiO2, TiO2x, and TiO3?4218,
presence of oxygen vacancy triggers Ti reduction, leading smaller bandgap. In TiO, all Ti is
theoretically Ti** (3d°) and bandgap forms between filled O 2p orbital and empty Ti 3d orbitals.
Once oxygen vacancy introduced to the system, TiO..x forms oxygen vacancy state between the
valence and conduction band and bandgap becomes smaller. When Ti is fully reduced to Ti%* (3d%)
in Ti2O3, Ti 3d orbitals are partially occupied and its bandgap appear between Ti 3d orbitals with
0.1 eV gap. As experimentally shown in the results in Figure 4.6 and the past studies®®?’, oxygen
vacancy can be a trigger to cause Ti reduction. In contrast to oxygen vacancies, many researches
aiming for LLTO as an electrolyte materials in contact with Li metal anode prove that Li insertion
into LLTO can be the other cause that induces Ti reduction®t®-22°, Such study shows once LLTO
is in contact with Li metal, Ti is spontaneously reduced from Ti** to Ti®* and changes its electrical

properties.
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Figure 4.7 Computational analysis on bandgap of LLTO with different Li and O composition. (a) Structure
of LisLasTigO24 that is used for DFT calculation. (b) Electronic structure of pristine LLTO (LisLasTisO2s).
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4.3.3 Discussion - Switching mechanism of a-LLTO

Through experimental and computational approaches, LLTO could have two states
(conductive and insulative states) with different conductivities that trigger several orders of
resistance change in the device during biasing. Here we discuss how those two states are
anticipated to be distributed to affect conductivity changes, using macroscopic, simplified binary
system. Figure 4.8 displays the electronic conductivity change with the portion variations of two
states in LLTO. Schematics in Figure 4.8 depict two different scenarios: a series and parallel
connections of resistors. If the conductive and insulative states are separately distributed across
the thickness such as Figure 4.8 (a), which is equivalent to a series connection, dramatical
conductivity change cannot occur unless the conductive layer become over 95% of the whole film.
In contrast, Figure 4.8 (b) simulates conductive state that forms filament, bridging one electrode
to the other side. In such configuration, several orders of magnitude differences can be easily

achieved. In order to have more than 10 order difference in conductivity under biasing, conductive
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filament growth is therefore necessary. According to Figure 4.8 (b), filament diameter (in total) is
expected to be ~10 pm in diameter to have 10? order difference in the conductivity, assuming total
area of the top electrode is 1 mm in diameter. This simple calculation offers guidance towards an

experimental approach to identify filament growth for the next-stage investigation.
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Figure 4.8 Thought experiment to explain resistive switching mechanism with simple binary system. (a)
Scenario 1: two LLTO states exist as serial circuit, where o represents thickness ratio of conductive (Li-
rich/O-poor) state to the whole thickness. (b) Scenario 2: two LLTO states exist as parallel circuit, where 8
represents cross-sectional area ratio of conductive (Li-rich/O-poor) state to the whole cross-section area.
(inset for each figure) schematic illustration of assumed system, equivalent circuit, and formula of
combined conductivity. Here, electronic conductivity of Li-poor/O-rich state o1 and that of Li-rich/O-poor
state 5, are 1 x10*! S/cm and 1x10° S/cm, respectively, which is based on experimental data in Figure 4.6.

With simplified calculation, it is found that the filament growth is critical to cause
resistance jump by several orders of magnitudes under electrical biasing. Herein, we further
investigate how such filament grows inside LLTO. When LLTO is biased, charged mobile ions,
i.e. lithium and oxygen vacancies, migrate to the negative side. The migrated oxygen vacancies
might be accumulated there like Figure 4.9 (b) and change local composition to form conductive
state of LLTO, in which electrons can freely move inside, as shown in Figure 4.9 (d). At the tip,
electron from conductive LLTO and oxygen vacancy from insulative LLTO form another oxygen
vacant LLTO under the reaction (Figure 4.9 (d) right), where LLTO lose some oxygen and Ti is

partially reduced from 4+ to 3+ due to charge compensation. Thus, a new conductive layer of
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LLTO forms. By repeating this reaction, conductive filament reaches to the other side of the
electrode Figure 4.9 (c)). Repulsion force from negative electrode to oxygen vacancy ions are the
strongest when the filament is about to reach the other side of electrode. Therefore, there needs to
be enough external driving force, that is voltage, to migrate positively charged oxygen vacancy.
Otherwise, switching is not achieved. Oxygen vacancy formation energy calculation in Figure 4.10
suggests that this O-deficient LLTO should not be energetically favorable. Furthermore, as
demonstrated in Figure 4.11, DC bias testing implies that ON state is spontaneously relaxed after
releasing switching voltage. These explain that the filament does not remain after releasing voltage
because of ion relaxation.

As battery materials, electrolyte has been developed as electronic insulator and ionic
conductor while cathode and anode materials has been as mixed ionic-electronic conductor
(MIEC). Thus, these materials have a strong potential to be applied to resistive switching active
materials, which is triggered by ion migration. Based on the discussion so far, some guidelines for
battery materials application to future resistive switching device can be proposed. First, materials
should have electronic conductivity change by ion composition change such as lithium or oxygen
vacancy. lonic conductivity plays a role here to determine switching speed. Another point is
stability. The material should have meta-stable state or another phase to keep the conductive

filament long even after removing external stimuli to make non-volatile device.
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Figure 4.9 Schematic illustration of filament growth inside LLTO. (a) Pristine LLTO where all the mobile
ion components (Li and O vacancy) are equally distributed. (b) Initial state of biased LLTO, where
conductive filament start to grow from negative electrode. (c) Biased LLTO, where conductive filament
connect from negative to positive side of electrodes and lower the total conductivity. (d) Magnified image
of conductive filament tip in (b). On the tip of the filament, electrons can reach through the filament and O
vacancies are collected through the insulative LLTO state. The reaction happens as expected (right) to form
conductive LLTO, leading to growth of the filament.
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Figure 4.11 DC polarization test of Ni/LLTO/Ni. (a) Testing protocol of the device. DC polarization results
with different rest time: (b) t = 0.1 [sec], (b) t = 1.0 [sec], and (c) t = 60 [sec]. Here cross-section area and
thickness are = 0.01 cm?. The thickness of sample used in (b), (c), and (d) are measured as 355, 309, and
426 nm, respectively.

4.4 Conclusion

In this work, we have confirmed that Ni/LLTO/Ni demonstrates the resistive switching
behavior, where significant current changes happen during voltage sweeping. To have an optimal
switching, the voltage range needs to be considered. Too high voltage causes LLTO
decomposition, resulting in the degradation of the device after long term cycling. In contrast, too
low current cannot turn on the switching. The electronic conductivity increase might be attributed
to the gradational composition difference inside LLTO. Oxygen vacancy plays an important role
in terms of electronic conductivity, according to the experimental result that O-deficient LLTO
become highly conductive due to the reduction of Ti** to Ti**. Computational study exploring
electronic structure of LLTO with different Li/O compositions well supports the experimental
results. The thought experiment to calculate the combined electronic conductivity of conductive

and insulative LLTO states with two scenarios, series and parallel connection. This study shed
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light on the presence of “filament growth” inside the resistive switching device to cause several

orders of magnitude change in resistance under biasing.

4.5 Future Work

In this chapter, resistance change of a-LLTO under biasing and its mechanism due to
filament growth have been discussed. To enable a direct observation of the conductive filaments,
we have fabricated nanodevice on a chip that is specially designed for in-situ transmission electron
microscopy (TEM) under electrical biasing and tested its electrical response inside a focused ion
beam scanning electron microscopy (FIB-SEM). Nanodevice preparation is depicted in Figure
4.12 (a). A lamella consisting of Ni/LLTO/Ni layers was lifted out from thin film device and
mounted onto the biasing chip, where Pt was used to bond the lamella for the physical contact to
the chip and serve as the top conducting layer for the electrical contact. Then parts of top and
bottom electrodes were cut off to isolate negative and positive electrode and guide the current flow
through LLTO (Figure 4.12 (a)). Figure 4.12 (b) demonstrates the final configuration after
nanodevice preparation. Once the nanodevice is prepared, it is tested inside FIB-SEM without air
or any inert gas exposure, where a potentiostat is connected to the SEM chamber for the electrical
biasing purpose. Since the cross section of current pathway is significantly small in the nanodevice,
Pt and Ni layers are subjected to melting and bubbling due to the joule heat generated by abrupt
electrical stimuli (Figure 4.12 (b) inset image). Therefore, to avoid such breakdown, a constant
current flow is accurately controlled in the nanodevice testing. Figure 4.12 (c) shows voltage
response of the device under each constant current. The voltage response of the nanodevice is
similar to the bulk device results obtained by voltage sweeping (Figure 4.12 (c) inset image).

Furthermore, to visualize resistance change, differential resistance is calculated and plotted as a
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function of the voltage in Figure 4.12 (d), which shows that the resistance of the device experiences
a dramatic decrease between 0.1V and 1V. This clearly implies that the device turns onto a “ON”
state by applied high current/voltage. For future work, we bring the fabricated nanodevice into
TEM to observe filament growth under electrical biasing by microscopic and/or spectroscopic

method.
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Figure 4.12 In-situ biasing design in FIB-SEM and testing results. (a) Experimental configuration of bulk
Ni/LLTO/Ni device and nanodevice fabrication inside FIB-SEM on a biasing chip. (b) SEM image of the
fabricated nanodevice, where Pt is deposited in FIB as an additional conductive layer and bond for lamella
to chip. (b inset) SEM image of nanodevice with breakdown of Pt layer due to abrupt current flow. (c) V-I
plot of constant current bias testing with comparison to the bulk device result (inset). (d) Differential
resistance, dV/dl, vs. measured voltage, calculated from (c).
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Chapter 5 Future Perspectives

In the chapters above, thin film format is proven to be a strong platform to deepen
understanding of materials’ properties in batteries and beyond. This is because thin film materials
can be additive-free and have a flat uniform surface, compared to conventional cast bulk
electrodes. Furthermore, multiple layers of thin films can achieve atomic level contacts and
demonstrate distinct interfaces, which helps us to interpret morphology and chemistry at the
interface. Finally, such thin film platforms have more potential to be transported to or combined
to other fields such as resistive switching devices. In this chapter, the future of thin film study will
be discussed with some examples. Based on its characteristics, there are three stages for the use of
thin film, as shown in Figure 5.1: (1) for fundamental study as a pure material; (2) for interface

study between multiple layers; (3) beyond lithium-ion batteries.

Fundamental study Interface study between Beyond LIB
as ‘pure” material multiple layers « RS device
Additive-free « Thin film battery +  Dual device (+ battery)
Flat, uniform surface « Electrode/electrolyte interface
Coating

Figure 5.1 Schematic image of use of thin film materials: from material level to system level. From left to
right categories, it represents more complexity or more types of materials in their systems.

5.1 Thin film as a “pure” material for its fundamental study

To fully understand reactions inside a battery, it is necessary to study electrode or
electrolyte level after disassembling cycled coin cells or pouch cells. However, electrodes consist
of not only active materials but also binder and conductive carbon as additives??'222, which support
active materials, such as cathode powder, with more conductivity and adhesion onto current

collector. They are not involved in battery reactions but may cause side reactions that reduce
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battery capacity and negatively affect the performance®®197:223 For instance, composite electrode
including high voltage cathode material LNMO suffers from the decomposition of electrolyte due
to its highly oxidative environment, forming cathode electrolyte interphase (CEI) involving Li and
Mn in its layer. Thus, it is important to identify surface chemistry of the CEI layer and to find
where it comes from (cathode, carbon, binder, etc.) by comparing thin film pure material and
cathode composite so as to figure out degradation mechanism of high voltage system. Additive-
free feature also helps characterization. Typical polymer binder, polyvinylidene fluoride (PVDF)
gives signal at 688 eV in the F1s spectrum in x-ray photoelectron spectroscopy (XPS), which
overlaps with signals from reaction products with electrolyte salt LiPFe. This makes it complicated
to quantitatively characterize chemistry of cycled electrode surface??*. As demonstrated in Figure
5.2, comparison between thin film (additive-free) and composite electrode (with additives) provide
clear difference in spectra deconvolution, enabling quantitative identification of surface chemistry.
This method should be universally powerful to analyze surface chemistry of the composite
electrodes, in particular, in the case of electrolytes containing fluorine. Recently researchers
reported that fluorinated electrolyte or additive is effective to stabilize high voltage system due to
its high reduction potential than conventional carbonate-based electrolyte??>-232, where reaction
from fluorinated molecules and its biproduct must be distinguished from F from PVDF. As
discussed above, thin film format is significantly useful as a single pure material and applicable

regardless of cathode or anode components.
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Figure 5.2 F1s XPS spectra of (a) LNMO thin film, (b) PVDF and (c) composite electrode. All the
components cycled in EC: EMC = 3: 7 wt% with 1 mol L 1 LiPFs coupled with Li metal, representing as
“Cycled” in the figure. Composite electrode consists of 90% LNMO, 5% conductive agent, and 5% binder.
Thin film sample preparation and electrochemical cycling are done by the dissertation author. The other
samples preparation, electrochemical cycling, XPS data collection, and spectral analysis are credited to
Weikang Li.

5.2 Thin films for interface study

As one more step further from single material thin film, multilayered thin films have more
variety of usage. The simplest model is a two-layer system, where chemistry and morphology
change due to contact with each other can be studied. In the case of battery, this is equivalent to
pristine electrode/electrolyte interface or interface between coating material and coated electrode
particles. Thin film is a useful format to study coating/coated materials since, in the actual system,
coating is not conformally achieved due to random shape of coated particles. If there are more than
three layers stacked, battery or electrical device can be made, exemplified as
Pt/LNMO/LIPON/LIi/Cu in Chapter 3 and as Ni/LLTO/Ni in Chapter 4. With those samples, it is
possible to investigate electrochemical reaction at the interface by ex-situ, in-situ or operando,
compared with chemical reactions. In the following paragraphs, specific examples (Li/LiPON
interface) and methods (in-situ biasing) that are benefitted by thin film plat form will be discussed.
5.2.1 Li/LiPON interface

In Chapter 3, LNMO/LiPONY/L.i cell have been tested for long-term cycling (Figure 3.3)

and, its Coulombic efficiency was around 99.8% on average, which represent good, stable feature
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of the system but also means that active lithium has been slightly lost every cycle. As
LNMO/LIPON interface does not show any sign of degradation and CEI formation over 500
cycles, the reaction involving Li might happen on the other side, i.e. Li/LiPON interface. Indeed,
Li and LiPON are reported to chemically interact and form an intermixed layer as an interphase.
Cheng et al. from our group has observed that at the pristine Li/LiPON interface (i.e., no
electrochemical reaction), 76-nm-thick interphase layer forms, consisting of Li2O, LisN, LisP0O4.%*
Hood et al. also confirmed similar result that interphase layer with around 60 nm thick develops
on LiPON surface when in contact with Li metal?3®. Although the development of cryo technique
protected LiPON, which is beam-sensitive material*>?3, and enabled to observe pristine Li/LiPON
interface as listed above, little research has been done to explore what Li, LiPON and its interphase
experience under electrochemical testing. One of the challenges to obtain the cycled Li/LiPON
interface is thought to be complexity of the cell fabrication. In the case of our LNMO/LIPON/Li
cell, multiple deposition methods are needed: Pt was deposited by DC sputtering, LNMO was by
PLD, LiPON was by RF sputtering, and Li was by thermal evaporation. The more layers and
methods have in the system, the more risk of air exposure and short-circuit increases, leading to a

low success rate of the cell.
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Figure 5.3 Interphase formation at Li/LiPON interface. (a) Experimental setup, (b) TEM images of LiPON
surface in contact with Li, and (c) schematic representation of the interphase formation at the interface?.
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To address such an issue, a new thin film cell and its cycling apparatus are proposed and
invented, which are simpler than ones conventionally used in past research. Figure 5.4 explains a
new cell, in which Cu, LiPON, and Li are deposited on Al>O3 substrate, and its experimental setup,
which has demonstrated stable plating and stripping reaction with current density at 1.0 mA/cm?
at maximum without soft short circuit. Absence of complex oxide cathode layer makes sample

preparation easy and free from concern about proper composition transfer in the cathode.
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Figure 5.4 Pressure-controlled Cu/LiPON/Li cell and its setup. (a) Photograph of the experimental setup
for holding thin film cell and load monitoring apparatus. Schematic illustration of (b) pressure setup and
(c) configuration of Cu/LiPON/Li cell. (d) Voltage curve vs. time, and magnified image (e), where current
density is set from 0.02 to 2.0 mA/cm?. Plating is stopped at either 0.02 or 0.1 mAh/cm? of plating and
voltage cutoff in stripping was set at 0.5 V. Pressure at around 1.1 MPa is applied to the cell.

As well as this cell can provide cycled Li/LiPON interface for ex-situ measurement, it also
makes the pressure study possible. Upon Li plating/stripping on Cu, past studies claim the
importance of uniaxial pressure regardless of electrolyte type, liquid?*>2%? or solid!®243247 to

obtain conformal Li deposition. Despite those examples since 1990s, for thin film batteries,
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applying stack pressure has not been tried due to intrinsic atomic-level contact between layers and
limitation of experimental setup. Thus, it is worth investigating pressure dependence of plated Li
morphology and chemistry in the system with FIB-SEM and TEM, which must contribute to
deeper understanding of L.i.
5.2.2 Chip-based in-situ biasing in microscopy

To deeply understand interphase formation dynamics such as CEI or SEI during cell
cycling operation, advanced microscopy and spectroscopy at an atomic scale required to be
coupled with in-situ or operando techniques. Wang et al. from our group has successfully observed
disordered LCO formation at cathode electrolyte interface with in-situ techniques as shown in
Figure 5.5°°, where nanobattery lifted out of thin film battery were electrochemically operated
inside TEM. The paper also emphasized strength and importance of in-situ methodology to
measure dynamics of chemistry and structure at the interface, by comparing ex-situ measured data,
where ex-situ data demonstrated fully relaxed CoO formation and missed chemical changes to
form Li20 or Li.O>. Therefore, in-situ microscopy is capable of capturing metastable state that is
not fully structurally/chemically relaxed, as well as avoiding potential risk of air exposure during

sample transfer.
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Figure 5.5 In-situ TEM biasing measurement. (a) Schematic illustration of in-situ biasing of nanobattery
inside TEM. (b) TEM bright field image of STM tip connecting a nanobattery. (c) Voltage profile of the
fabricated nanobattery under constant current.
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Most of past research on in-situ microscopy have been conducted by a probe-base
technique?*®2%®including Hood’s work (Figure 5.3 (a)) and Wang’s work (Figure 5.5) that are
mentioned above. While the probe-based technique pioneered in-situ biasing methodology and has
an advantage to be able to use a conventional TEM grid for biasing, there is still a challenge to
make it compatible with cryo methodology for beam sensitive materials such as Li metal. This is
because the cryo-temperature is below the operating temperature of a piezo-actuator, which probe-
based technique relies on for the nano-scale manipulation of the needle (STM tip)?*°. To overcome
this issue, a chip-based technique can be employed. As it has already been explained in sub-chapter
4.5 and Figure 4.12, chip-based methodology utilize specially designed-chip, where a nanodevice
fabricated by FIB bridges the gap (a few to a few tens of micron, depending on chip brands) on
the center of the chip (Figure 4.12 (a) and (b). On both sides of the gap, metal current collectors

are patterned, and provide electrical connection to a biasing holder when the chip is mounted on
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it. This method secures the contact from the nanodevice to current collector and free from sensitive
manipulation of the needle. The Chip-based techniques is already used for biasing perovskite solar
cell®® and studying thermal vulnerability of LiCoO, though joule heat generated by electrical
current?®’. To summarize the discussion, despite technical complexities in fabrication and
manipulation of the nanodevices, and operation of electron microscopy measurement with
galvano/potentiostatic biasing, the in-situ microscopy must be able to offer deeper insights of
structure, morphology, and chemistry at nano- or atomic-scale during battery operation, facilitating
understanding of the fundamental science of the battery.
5.3 Beyond LIB

Last but not least, the third direction of the future of thin films is more focused on the
application to electric devices. As mentioned in the previous section, thin film batteries can be
fabricated by stacking multiple layers of thin films. However, this is not limited to battery. One of
the major applications is synaptic transistor aiming for neuromorphic computing. Compared to
conventional transistor such as complementary metal-oxide-semiconductor (CMOQS), the
advantages of synaptic transistors using Li-ion battery materials are low power consumption,
scalability, and analog characteristics for neuromorphic architecture consisting of non-volatile
memories. In the three-terminal device, external electrical bias migrate Li ions and intercalates
them into channel material (“write” process), leading to change in conductance between source
and drain electrodes (“read” process). In other words, in the device, vertical layer stacking works
as a battery and lateral source and drain work as a main current path in a computation system. For
example, Nguyen et al fabricated a synaptic transistor device with Ti, TiO2 and LiPON, which
works as a electrodes, channel, and electrolyte, respectively (Figure 5.6 (a)-(c)). In their device, Li

ions are intercalated into TiOz layer, forming LixTiO2, under positive voltage bias on the gate
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electrode. Thus, the Li-intercalated channel becomes conductive and source-drain conductance
becomes increased. Under negative biasing, Li is deintercalated from TiO2 channel and the
conductance goes back to the original state. As a channel layer, intercalation type materials has
been commonly selected, such as LiCo021%2% WO.>%26 and Nb.0s?%?. Combining
photolithography techniques with PVD, they could have realized 1.5 to 40 times conductance
change with decent durability, that is, 10° times of write process at maximum?®.

Despite such great achievements that have been done within less than ten years, their
studies mostly focus on its performance as a device. Although it is crucial to evaluate their
performance upon applying the synaptic transistors to neuromorphic computing, characterization
of inside the device under its operation, or quantitative analysis of Li ion dynamics, is also
important direction for the device research to go. This is because slight compositional may change
in the electrical properties of the Li-ion material as exemplified in the case of WO,*®® and
LisTisO121*2. In the case of gate voltage biasing for (de)lithiation, it is difficult to control the
amount of charge carrier, making it difficult to guess lithiation state. Furthermore, non-flat
configuration (Figure 5.6 (a) and (b)) may create non-homogeneous electric field, leading to local
formation of lithium-ion excess/deficient state. In-situ TEM combining EELS with biasing, as
introduced in the previous section, could be a first choice as a characterization, due to its high
spatial resolution and wide availability of elements of interest. This technique can provide
crystallinity and chemistry in one device and also with and without biasing (i.e. both ON and OFF
states). The synaptic transistor relies on conductive channel formation, and, therefore, observing

and quantifying such formation will facilitate future development and improvement.
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Figure 5.6 Synaptic transistor with battery materials. (a) Schematic illustration of electrodes, electrolyte,
and channel layers. (b) SEM and EDS, (c) HRTEM images of the cross section of the device. (d)
Conductance between the source and drain electrodes (Gsp) vs. gate voltage (V).

Another direction can be the integration of thin film battery to other electric devices aiming
for commercial in-chip devices. Since synaptic transistors are partially composed of battery
electrodes and electrolyte, indeed, it can also be defined as a hybrid device of battery and transistor.
Due to its micro-scale characteristics of PVD thin film fabrication process (no liquid, and layer-
by-layer configuration), thin film battery has a potential to be compatible to other thin film devices,
e.g. solar cells and sensors, where a battery is used as an energy storage and power supply.
Sandbaumhiiter et al. had studied performance of integration device of solar cell and battery?6?,
claiming that it is challenging to match operating voltage of both solar cell and battery units. Chen
et al. has also investigated the integrated device of a solar cell, processor and battery as an
independently-powered sensor?®*. As shown above, unlike bulk batteries, current and future thin

film batteries can contribute to both fundamental research and application to commercialized in-

chip devices, facilitating realization of high-performance batteries from nano to bulk scale.
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