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Chapter 1

Introduction

The societal challenges of further developing nations are closely related to controlled
production, storage and use of energy. Even though the true mid- or long-term effects of
excessive fossil fuel burning is not fully known, it is clear that eventually alternative ”clean”
energy sources will be indispensable. Nevertheless the possible use of unconventional
solutions rely on the availability of storage systems that meet the requirements for a fast
paced energy-dependent world.

Among those, batteries used today satisfy the demands and requirements for small devices.
Nevertheless the possibility to apply them in larger scales (energy storage, electro-mobility)
can only be reached when energy densities increase 2 to 5 times their current value [1].

Battery systems are composed of a cathode and an anode in contact with an electrolyte. A
conventional rechargeable lithium-ion battery is composed of a graphite anode as negative
electrode, a non aqueous electrolyte typically related to LiPFy salt in organic solvent and
a positive electrode based on intercalation materials [2,3]. The interfaces between these
components have particular features and undergo complex electrochemical processes which
occur during storage and battery operation [4].

The graphite anode and the electrolyte interface has attracted the most attention in
research until now. Nevertheless in recent times the importance of the cathode-electrolyte
interface has been acknowledged due to the fact that after lithium ion transfer on the
positive electrode decomposition oxidation reactions may occur [5-8|. In general, capacity
fading of positive active material can originate from three basic principles [9, 10]:

e Structural changes during successive lithium extraction/insertion
e Chemical decomposition/dissolution reaction
e Surface modification

Studies on the decomposition mechanisms have been discussed for alkyl carbonates which



promote surface reactions, like e.g. those based on electrolyte decomposition due to
nucleophilic attack or reactions with the transition metal [5,11-13].

The complexity of battery systems and cathode layers call for multidisciplinary efforts
applying advanced techniques to elucidate surface reactivity and interface formation.
Recently analytical methods have been used for this purpose, including X-ray photoelectron
spectroscopy (XPS) [5,7,12,14], infrared spectroscopy (IR) [8,11] and X-ray absorption
spectroscopy (XAS) [13].

The contribution of surface science made through the years has helped in the understanding
of surface related elemental processes in electrochemistry and photo electrochemistry
[15-18,18]. An XPS study on electrochemically cycled LiCoO, thin films has shown
the formation of phosphate, fluorophosphate and carbonate species with an electrolyte
containing LiPFy in (EC/PC/DMC) solvent mixture [14].

More recently, an ultra-high vacuum (UHV)-based surface science oriented approach has
been introduced, focused on the formation of, and charge transfer at, cathode-electrolyte
interfaces of LiCoO, with liquid electrolyte components (DEC solvent and water) or a solid
state electrolyte (LiPON) [19]. Additionally, the surface layer at the positive electrode
was found to strongly increase cell impedance and effect the kinetics which has significant
impact on the battery performance [20, 21].

Since it was first proposed, LiCoO, has managed to remain the standard cathode in
commercial batteries due to its high stability, good rate capability and acceptable safety
features. It is the most used cathode material in lithium-ion batteries powering most of
the electronic devices used daily [22].

For the last two decades the research on positive electrodes has made great advances in
terms of novel material preparation, structure and reaction control. Major improvements
can still be achieved on materials used at present, for example recently, the energy density
could be increased between 2 and 3 times, as mentioned by Thackeray [1].

1.1 Motivation

Current batteries are mainly composed of LiCoO, with carbon based anode and organic
electrolytes with a LiPF, salt. Determining the composition of the cathode surface
after electrolyte contact, specifically looking at the newly formed cathode-electrolyte
interface, will give insight on different strategies that can be used to enhance properties
and performance of commercial batteries. Analysis of the surface layer may also help to
tailor new electrolyte systems by understanding their properties and effects on the active
material.

One approach proposed to decrease reactions and enhance battery performance, by enabling



high rate capability or by suppressing phase transitions, is the use of thin coatings of metal
oxides and ion conducting materials, like ZrO,, Al,O,4, LiPON, LiF [3,23-25]. Studies
done on ZrO,, coated LiCoO, or other cathodes have mainly focused on electrochemical
cycling and structural properties, showing the benefits in reducing capacity loss and
increases structural stability [26-30]. Nevertheless the decomposition of a coated cathode
surface has not been fully addressed. LiPON on the other hand has been thoroughly
studied given the additional application it has as solid state electrolyte for thin film
batteries [31,32]. For this reason the interface formation between LiPON and LiCoO,
has drawn much more attention evidenced by the number of studies already done (see
for example [24,33,34]). However, work on the evolution of coating layers on LiCoO, are
again devoted to the electrochemical performance while the interface after cycling has not
been addressed [35-37].

The study of the interface of a soaked model electrode in electrolyte solutions have also
served as valuable information on how the cathode materials are reacting. Surprisingly
few studies have focused on the surface characterization prior to the electrochemical
study [38,39] with samples exposed to air. At this point it is important to consider that
interfaces are highly sensitive to ambient contaminations which can affect the analysis
of the resulting surface. Another recent study done by Yamamoto et al. has shown an
improved cyclic performance where the electronic structure of the electrode-electrolyte
interface was analyzed with total-reflection florescence X-ray absorption spectroscopy
(TRF-XAS) [40]. Their conclusions were focused on the stability of some cathodes after
electrolyte immersion due to a lack of potential change in the space charge layer at the
surface.

For the electrolyte composed of LiPFg in ethyl carbonate (EC) and diethylene carbonate
(DEC) with a weight ratio of 1:1, little information is found in literature. Not withstanding,
the reports that have been done with LiPF; in EC:DEC (1:1) electrolyte mixture focus
on the surface chemistry for a non active material, which gives only a part of the view
since the possible reactions with the active materials are not tackled [7,14,38,39,41]. In
this way, a good approach is to look into the initial effects of the electrolyte when set in
contact with LiCoO,, which adequately serves as model electrode [38].

In the case of the solid electrolyte it is important to understand the bulk properties as
well, since it will all contribute to the ion conduction mechanism necessary for the battery
to function. For the specific case of LiPON acting as solid state electrolyte many efforts
have been focused on the final properties and the enhancement of the ionic conductivity.
This includes thorough studies on nitrogen incorporation [42-45]. Until now, research has
focused on the definition of the key points affecting the ionic conductivity but not on the
phenomena occurring in the structure that delivers this enhancement.



1.2 Objectives and organization of the dissertation

As yet no systematic studies focusing on the decomposition of coated electrodes exist, a
surface science study based on X-ray photoelectron spectroscopy is proposed.

The main objective of this thesis was to study the electrode-electrolyte interface of bare
and coated model electrodes after electrolyte contact and/or electrochemistry. For this,
two types of coatings were used to create artificial surface layers on the active material
with ion conducting solid or a metal oxide: LiPON and ZrO,, respectively. A secondary
objective was to obtain key information concerning the well known ion conducting solid
structure and to further analyze the implications of nitrogen incorporation on the ion
conducting ability. This study is aimed to understand the mechanism behind the ionic
conductivity when nitrogen is incorporated to the glassy structure or when the films are
annealed. Both parameters are studied in terms of short and medium range order in the
final network conforming the electrolyte with infrared spectroscopy (IR).

The first chapters (2,3) are dedicated to a literature review and an overview of the
experimental techniques used for sample preparation and characterization.

Continuing, Chapter 4 is dedicated to the deposition and characterization of model
and alternative cathode thin films composed of LiCoO, and Li(Ni,Mn, Colfxfy)Og. A
thorough description of the deposition methods employed and final properties of the thin
films are shown and discussed.

Chapter 5 presents a detailed study of the degradation observed at the surface of LiCoO,,
employed as a model electrode, after electrochemical cycling, focusing on the reactions
occurring with the electrolyte solution. A complete study on the surface layer formed
when the model electrode was set in contact with the electrolyte and after electrochemical
cycling was performed.

Chapter 6 describes the effects of the artificial surface layer grown on thin LiCoO, layers
and its effect on the electrochemical properties of the material. A surface science approach
was used to determine the composition of the interface between the artificial surface layer
and the electrolyte before and after battery cycling for both sets of coating, LiPON and
ZrO,.

Moving away from the technical aspects of the battery performance and going towards a
more fundamental understanding of the properties which LiPON has as ion conductor,
Chapter 7 focuses on an IR study on LiPON coating, given the great interest and additional
application as solid state electrolyte. Results are analyzed in terms of chemical stability,
conductivity and composition.

The presented work concludes with a summary of the results obtained.

This thesis serves to provide valuable information on both technical and fundamental



aspects of tailored artificial surface layers for positive electrode materials which are well
known but which still have room for improvements after further efforts are done to
understand the complex process occurring at the interface. This is aimed to obtain
information for more efficient and stable systems that could be applied in advanced and
large scaled technologies.






Chapter 2

State of the Art

2.1 Electrochemical systems

Electrochemical cells are devices which reversibly convert chemical to electrical energy
from their active materials through redox reactions. Galvanic cells have electrochemical
redox reactions with both reduction and oxidation processes. Electrochemical cells are
mainly composed of two electrodes, the electrolyte, and a separator.

During the battery discharge, where spontaneous chemical reactions occur, oxidation
processes take place at the negative electrode (i.e. the electrode at lower potentials;
serving as anode), and the reduction processes occur at the positive electrode (cathode).
Contrarily, when the battery is charging the reverse chemical reactions occur having a
reduction reaction at the negative electrode (now as the cathode) and an oxidation reaction
taking place at the positive electrode (now the anode). The terms negative and positive
electrodes are preferentially used which consider the direction of the current. The positive
electrode releases electrons to circulate on the external circuit while the negative electrode
receives electrons while the reduction reaction occurs. The electrolyte is an ion conductor
which allows the movement of ions between the electrodes [46-48].

Batteries can be classified in several ways. The first is related to the size and function.
They can be in micro-, miniature-, portable or automotive/ SLI (starting, lighting and
ignition) configuration and uninterrupted power source (UPS). Micro-batteries are based
on the thin film component technology, while miniature batteries work with liquid or solid
based electrolytes and are used for microelectronic or miniature devices. These two have
an average capacity of 200 pAh and 200 mAh respectively while portable and SLI have
higher capacities (2 Ah and 50 Ah) [49].

Another classification relates to primary and secondary (rechargeable) character they
poses. The difference recalls on the type of electrochemical system which determines if the



reaction is reversible or not. Primary batteries are able to provide energy immediately in
one discharge, while secondary batteries can be repeatedly recharged and charged again
through an external power supply. An ideal reversible system will have unaffected structure
and volume change of the active material with cycles.

Among the most important rechargeable batteries are the lead acid (Pb-acid), nickel-
cadmium (Ni-Cd), nickel metal hydride (Ni-MH) and more recently sodium (Na), lithium
(Li) and lithium ion (Li-ion) batteries [1]. Ever since the discovery of the first electro-
chemical cell by Alessandro Volta in 1800, further development of aqueous electrolyte
based Ni-Cd and Ni-Fe systems were done for possible automotive applications. Secondary
batteries therefore became a matter of interest in research and development laborato-
ries. Over the years, the implementation of these batteries was unsuccessful and new
alternatives were introduced. Focus has shifted from Ni-MH, Pb-acid and Ni-based to
sodium and lithium technologies due to environmental drawback of toxic materials plus
the poor capacities and low specific energy delivered [1]. Even though Ni-MH batteries
may show higher power densities when compared to Li-ion (especially at low temperature),
lithium-ion technology offers the best prospect for high energy and high power batteries,
as indicated on Figure 2.1.

100,000 ¢

Batteries need /7

200 | to get here

P
Batteries

1,000 3 are here

Advanced Li-ion

Practical Energy Density / Wh kg

100 Li-polymer
’ ‘ _ Li-ion  High temp Na/S
® “Ni-MH Na/NiCl,
! Pb-acid; Ni-Cd
10 1 ' li/ll] L 1 L aaal i 1 A aaaal
10 100 1,000 10,000 100,000

Theoretical Energy Density / Wh kg

Figure 2.1: Theoretical specific energy of several rechargeable systems plotted against their
pratical energy density. Taken from [1].
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2.2 Lithium batteries

Lithium was considered for its light weight, non toxicity, low reduction potential (-3.045 V
in aqueous solution at 25°C) and specific capacity of 3860 mAhg~!. A first approach was
made by employing a host oxide which could be capable of having lithium inserted, as
cathode, and metallic lithium as anode. First intercalation materials used were layered
dichalcogenide as TiS,. These batteries presented a high voltage but at the same time
had two main problems. One related to the dendrite growth at the negative electrode
due to deposits of lithium which would break through the separator and arrive to the
positive electrode with final short circuits. This dendrite growth can further provoke a
raise in cell temperature and pressure and poses a risk of electrolyte-solvent ignition. The
second drawback is related to the parallel reactions with the organic solvents present in
the electrolyte, originating a loss in battery capacity [1,50].

The biggest development done on lithium ion batteries was in 1991 with the introduction of
a high voltage and high energy system where metallic lithium was replaced by carbonaceous
compounds as negative electrode and a transition metal oxide, LiCoOs as positive electrode

[1,51].

Figure 2.2 presents a scheme of a lithium ion battery using these components. During the
discharge process the lithium ions move from the positive electrode and are transported
through the electrolyte to the negative electrode. Transition metal ions are reduced by
the electrons coming from the electrical circuit during the lithium ion insertion. During
discharge the reverse process is occurring giving electrons to the electrical circuit [2,52].

11
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Figure 2.2: Schematic representation of a rechargeable lithium-ion battery. During charge the
lithium ions move from the positive to the negative electrode through the liquid electrolyte and
electrons are introduced from the external circuit. During discharge the process is reversed and
electrons move in the reverse direction. Taken from [2].

The redox reactions taking place are the following;:

Cathode: LiCoO, = Li,_ CoO, +xLit + xe
Anode: Cg +xLit +xe == Li Cq (2.1)
Global Reaction LiCoO, + C4; == Li;_ CoO, + Li Cq

The advances observed in the electronic industry are increasing the demand of more
sophisticated and efficient batteries that should be stable during extended charge-discharge
cycles, have an elevated energy density, low weight and reduced volume, as well as low
cost and low environmental impact [52].

Batteries have mainly the feature of generating energy without having a significant potential
decrease. There are certain magnitudes that describe this feature. Capacity Q is the
amount of charges that can be stored by a material and is expressed by Q=zF/M where z
the ion charge (z;,=1), and F the Faraday constant (96485 Cmol~!) and M is the molar
mass. The capacity will depend on the amount and type of material, and is expressed in
Ah. When related to the total mass or volume of the material, the specific capacity Qe
is expressed as Ahkg~'and Ahl 'respectively. The specific capacity that a battery can

12



deliver will depend on the chemistry of the system. The stored energy can be maximized
by having a large chemical potential difference (V) between the two electrodes or by
minimizing the mass or volume of the reactants per exchanged electrons being small
as possible [50]. Lithium ion batteries have in average a specific energy between 100
Whkg'and 150 Whkg ! [53].

Considering the intrinsic properties of the materials used, the main advantages lithium
ion batteries present, may be summarized as follows.

1. High energy density. The mass is around half and the volume is between 20-50%
when compared to a Ni-Cd or Ni-MH of the same characteristics.

2. A high cell voltage, three times higher than those of Ni-Cd and Ni-MH, which is a
good feature for implementation in miniature batteries.

3. Excellent cycling efficiency of 99.95% compared to the 70-80% of alkaline and acid
batteries.

4. Absence of memory effect by partial charge or discharge process.
5. Does not contain highly contaminating heavy metals like Cd, Pb and/or Hg.

As mentioned before, the cell consists of several components: anode, electrolyte and
positive electrode. The anode is the negative electrode where the oxidation reaction takes
place and electrons are injected to the external circuit. The anode should be an efficient
reducing agent and have high coulombic output (Ah/g), good conductivity and stability.
Lithium metal was for some time considered as anode due to its high electronegativity
and low weight. Nevertheless serious safety and cycle life problems were found due to
dentridic growth of lithium metal deposits upon charge. Therefor, several options have
been considered including silicon insertion and carbonaceous materials [54-56].

2.3 Positive electrodes in lithium ion batteries

Advantages and disadvantages of lithium-ion batteries are greatly related to the positive
electrode employed. There is a variety of materials studied to be used as cathodes in
lithium ion batteries. These include layered transition metal oxides, spinel mixed oxides,
olivines, perovskites and most recently some organic polymers [57-60]. For layered oxides
the lithium insertion is favored in open framework or layered type materials where the
lithium is bound in the interstitial sites. Figure 2.3 shows a scheme of the crystal structure
of lithium transition metal oxides with the general formula LiMO, where M is the transition
metal (Co, Ni, Mn, Fe, etc.) which adopt the a-NaFeO, structure with R-3m symmetry.
This structure can also be described as MOy octahedron (MO, ), layers sharing edges
with metallic ions forming sheets in between [51].

13



Figure 2.3: Crystal structure of LiMO, with a-NaFeO,, type. Taken from [51].

Lithium cobalt oxide (LiCoOs ) was first proposed in 1980 and is at present the most
used positive electrode material in commercial batteries [61]. LiCoO, has a high lithium
diffusion and a good specific capacity of 140 mAh.g~!. Additionally it presents high
volumetric and gravimetric specific capacity [62,63]. It can be found in two crystal forms.
One is the spinel-like (disordered) low temperature (LT) phase and the other is the layered
hexagonal structure, high temperature phase (HT). This abbreviated names were based
on the solid state reaction temperature used in each case. Nevertheless, some more recent
studies have shown a wet chemistry approach were the high temperature phase is also
obtained [64]. The layered HT-LiCoO; can be prepared by different methods, physical
vapor deposition (PVD) and chemical vapor deposition (CVD) [32,62,64-68], pulsed laser
deposition (PLD) [69,70] and sol-gel [71].

The performance of the material with this layered structure is affected by strong orientation
effects since lithium movement will only occur in two dimensions. Therefore, the ion
displacement will be unfavored when layers have a strong preferred orientation of the
c-axis parallel to the substrate. The best rate capabilities appear when the HT-LiCoO,
phase material is polycrystalline, or when it presents a favorable orientation in relation to
the electrolyte [64].

The main limitations that LiCoO, has are due to low reversible capacity and performance
degradation [32,64,72]. Lithium ions are removed and inserted at potentials close to 3.9
V and 4.2 V| respectively. Lattice distortion from hexagonal to monoclinic will occur
when the Li ions in the CoO, framework goes through order/disorder transitions [73].
Even though all the lithium present can be electrochemically removed from the layered
structure, when charged over 4.2 V, corresponding to half of the total amount of ion, poor
cyclability is expected due to phase transitions in the material and spontaneous release of
oxygen [73-75]. Over de-lithiation will also produce highly reactive Co*" ion that may
react violently with the electrolyte [51,76].

Lithium nickel oxide LiNiO,, is isostructural with LiCoOs and was considered as possible
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replacement due to its higher specific charge, higher stability, and the lower costs of
production. Studies developed on the implementation of LiNiO, has delivered several
drawbacks related to disordered structure and loss of lithium during preparation [51,77].
Efforts were focused on replacing some nickel with Co or Al with the aim to reduce the
disordered structure. Nevertheless the resulting materials present low energy density given
the low operating voltage [78,79].

Lithium manganese oxide LiMn,O, serves as well as a promising material similar to
LiCoO, . It presents a stable cubic structure with a crystal lattice remaining unchanged
and minor volumetric changes occurring when cycled between 3.5-4.5 V on the main
electrochemical region. In this range the extracted lithium is between 0 and 1. However,
at the second de-lithiation region, with lithium extracted between 1-2 (around 3 V), a
Jahn-Teller distortion occurs favoring a structural change from cubic to tetragonal [64].
Together with the high mobility of the Mn?* ions in this spinel structure thus will reduce
significantly the cycle life. In this way several studies have dedicated efforts to stabilize
the structure and enhance capacity and operating voltage [61,80].

The substitution of Co by both Ni and Mn was found to deliver high reversible capacity,
good thermal stability, excellent rate capability as well as reduced toxicity compared
to commercial LiCoOy [81]. Incorporation of other transition metals is an alternative
approach that can serve to overcome these limitations. A well studied material composition
is Li(NixMnyCo1_x—y)O2 (Li(NiMnCo)O,) [58,69,82,83]. In this structure the transition
metals present different characteristics. Nickel 2+ and 3+ are found with Cobalt in 3+
and Manganese in 44 oxidation states. This last cation was found to mainly stabilize
the structure while Ni and Co enforce the electrochemical activity and rate capability
respectively [58]. It presents high cyclability attributed to the low unit cell volume
change [84].

2.3.1 Deposition of thin film cathode materials

Batteries in small dimensions are also of interest as the size of portable microelectronic
devices decrease continuously, and thin films would be a good approach towards smaller
battery units. Several techniques have been used for the deposition of thin film cathode
materials on planar substrates, including vapor based techniques, physical vapor deposition
(PVD) and chemical vapor deposition (CVD) [32,62,64-68]. Other methods have also
been used, like pulsed laser deposition (PLD) [69,70] and sol-gel [71].

Vapor based techniques serve for efficient production of high quality thin films. Physical
and chemical methods deliver films with particular characteristics. PVD is a vacuum
based technique which is extensively used for deposition of thin film materials also applied
in industry [72]. It presents high deposition rate, long term stability, and a cost efficient
method.
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Planar structures lack to have a high power delivery and high energy density. Increasing
the internal surface between battery components (cathode, electrolyte and anode) will
provide a higher total battery current with similar internal current densities compared to
a planar configuration [64,72].

From all chemical deposition processes, CVD is an established technique which produces
materials with structural control at atomic and nanometer scale as well as conformal
coverage of 3D substrates. Nevertheless, the main limitations in CVD processes are
the reduced availability of proper volatile precursors and the complexity to deposit
multicomponent systems [85]. The precursors employed are usually expensive and tend to
be sensitive to air and/or moisture. Additionally they present a complex vapor pressure
behavior as function of the temperature and pressure. For a multicomponent system the
composition control is difficult since the different evaporation rates of the precursors have
a non linear behavior with temperature and pressure.

Additionally, the mechanism used to transfer the precursor solution to vapor phase becomes
particularly important in order to obtain less impurities and defects on the final grown
material. For this reason several delivery methods based on liquid injection have been
developed recently [86].

One of the chemical deposition process that has been studied extensively for the preparation
of nanoparticles and thin films is spray pyrolysis [87-92]. In this process the precursors,
which are soluble in water or alcohol based solutions, are sprayed as fine droplets into an
evaporation chamber. This could be described as a micro delivery system that preserves
the initial concentration from the solution. Once the solvent is removed, the dried droplets
react in a pyrolysis reaction. Depending on the temperature applied one can obtain either
powders crystallizing in one phase, hollow spheres (at low temperatures), or compact thin
films (at high temperatures). This method is simple, inexpensive and operates continuously
with high product yield. Even though the particle morphology control remains as one
of the main problems for the deposition of new materials [85,93], related spray pyrolysis
techniques have demonstrated the possibility to achieve desired thin films of positive
electrodes and solid electrolyte thin films for lithium-ion battery applications [94,95].

2.4 Electrolyte

The electrolyte is the means of ion transport and serves as connection between cathode and
anode. In general, electrolytes should have good thermal stability, high ionic conductivity
and low electronic conductivity. Moreover, they should be stable in the electrochemical
window used depending on the type of battery and active materials present. Due to the
wide range of batteries existing, electrolytes can be found in different forms; as liquids with
aqueous or organic based solvent; like ionic liquids, solvent-free, and/or gelled polymer-
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based, or as solid-state [54,64,96,97]. Table 2.1 presents the typical ranges of specific
conductivities of electrolyte systems used in batteries [54].

Table 2.1: Conductivity ranges of several electrolytes at ambient temperature [54].

Electrolyte system Specific conductivity,
Scem!
Aqueous electrolytes 1-5-107!
Molten salts ~1071
Inorganic electrolytes 2:1072-107!
Organic electrolytes 1073-1072
Polymer electrolytes 1077-1073
Inorganic solid electrolytes 1078-107°

2.4.1 Liquid electrolytes

Liquid electrolytes are solvent based solutions with a dissolved ion conducting salt. Given
that lithium intercalation takes place at very negative potentials, water based solutions
are not adequate. For this reason the most common solvent mixtures are those with
organic solvents including alkyl-carbonates, esters and ethers. Figure 2.4 presents the
structure of most commonly used solvents. This section concentrates mainly the electrolyte
components relevant for this thesis. Detailed reviews on these and other electrolytes can
be found for example in references [4,97,98].

o}
0

)k o)ko 0 0

o 0

Ethylene carbonate Propylene carbonate Dimethyl carbonate Diethyl carbonate

Figure 2.4: Organic solvents most commonly used in lithium ion battery electrolyte mixtures [97].

The solvents in non aqueous electrolytes should allow a large concentration of efficiently
dissolved salt. Elevated molar conductivity and dielectric constant are also important
features. Voluminous salt anions will favor the negative charge distribution preventing
ionic coupling which results in a better ionic conductivity and salt solubility. This way
the Li ions in solution can be full surrounded by solvent molecules, reducing the influence
of the anion. Low viscosity is also important since the ionic movement will be enhanced.

Some salts that have been considered are LiPFg, LiClO,, LiAsF, LiBF, [97,99,100] and
LiTFSI [101]. Table 2.2 presents the properties of some of these salts. LiPFg is the most
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used salt given the low toxicity (compared to poisonous LiAsFy) and the thermal stability
(compared to explosive LiClO,), as well as stability with anode materials.

Table 2.2: Lithium salts present in the electrolytes for lithiuim ion batteries [97].

Salt  Molar mass Tonic conductivity Structure
mS cm ™!
(1 M, 25°C) in EC/DMC
'|= W Li*
B
F7 [ F
LiBF, 93.9 4.9 F
F Li*
F| /F—‘ :
F/T\F
LiPF 151.9 10.7 F
F Li*
F| /F—‘ :
As
: FLF
LiAsF 195.9 11.1 F )
C|> w Li*
o~ (/:'\o
LiCIO,  106.4 8.4 0

A major concern about the application of LiPFy is the high reactivity with water traces
and further formation of corrosive HF. Moreover, at higher voltages it may suffer from
decomposition towards LiF and PF, which can further hydrolyze and form HF and PF;0.
These two products are highly reactive towards both anode and cathode materials, thus a
large amount of these contaminations may easily affect battery performance.

2.4.2 Solid electrolytes

The possibility that Li ion batteries can deliver high energy density arise from the high
cell voltages obtained. As seen before, the use of aqueous electrolytes is not possible
in this voltage range and organic based electrolytes have serious safety concerns. Solid
state batteries were thought to overcome these and other problems related to possible
leakage, side reactions, gas formation, phase transitions at low temperature (improving
low-temperature performance) and difficulty to achieve smaller dimensions. A more recent
view has focused on the application of batteries to power vehicles and as renewable
energy storage systems. These potentially large scaled batteries would need great amount
of electrolyte solution making safety considerations even more important. Solid state
electrolyte implementation is therefore expected to reduce risks of current commercialized
polymer/gel batteries while giving reliability, storage stability and very long cycle life [102].
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As the electrolyte is the medium used to transport the lithium ions during battery
operation, ionic conductivity is one of the most important properties that should be
considered for electrolyte engineering. The discovery of fast ion conducting solids triggered
the development of solid state batteries. Materials with high ionic conductivity must
have a low energy barrier to overcome during transport and should contain vacancies
in which the ions can move to, i.e the activation energy (Ea) should be small. For
the specific application as battery electrolyte these materials should also have a low
electronic conductivity. Additionally they should be chemically stable, not hygroscopic,
easy to prepare and low cost. Solid electrolytes which are developed at present have ionic
conductivities between 107! (for Ag™ solid electrolytes [102]) and 107° S.cm™'which come
close to values observed for liquid electrolytes [54,97,103].

A wide variety of solids with high ionic conductivity are known at present. These can be
found as mono- or polycrystalline, ceramic, amorphous and polymeric mixtures. Solid
electrolytes have a structure which is rigid with a subnetwork of mobile ions. Compared
to liquid electrolytes they have an overall advantage related to the exclusive ion migration,
while in liquid electrolytes different species can also migrate and participate in side reaction,
including ions and impurities [102]. Lithium ion conductors may be classified in four
groups [104, 105]

1. Perovskite type oxides: e.g. (Li,La)TiO,
2. NASICON-structured lithium electrolytes: e.g. LiMIV(POy4)s(M'Y = Ti, Zr, Ge)

3. Garnet-type structures containing transition metal oxides: e.g. Li;La;M,0,, (M =
transition metal);

4. Glassy and glass—ceramic electrolytes: lithium nitrides, sulfides (also found as
crystalline materials [106]), borates and phosphates.

A recent summary of the progress of solid electrolytes has been made and can be seen
on Figure 2.5. These materials generally present a lithium transport number near to the
unity, therefore materials with an ionic conductivity in the order of 10~ S em ™~ will suffice
to obtain power densities comparable to those of commercial batteries which contain liquid
electrolytes. At present it is possible to find oxides and sulfides that achieve these values of
conductivity. The implementation in all solid state batteries of these materials are never-
theless somewhat complicated due to limiting factors like low decomposition voltage (LizN,
hygroscopic character (Li-f-alumina), high reactivity with Li metal (Li; 3Ti; 7Aly3(POy)s,
and unfavorable preparation conditions (Li,La)TiO4(Perovskite-type)). On the other hand,
LigAlSiOg and LisgsPO386No 14 (LIPON) have moderate conductivity but are stable
against lithium. The main challenges the development of all solid state batteries and
implementation of solid electrolytes are related to the relatively low power density, high
ionic resistance at room temperature and high manufacturing costs. The problem of having
low ionic conductivities in the solid electrolytes can be addressed by reducing the ohmic
losses by applying very thin films. LiPON is therefore employed as electrolyte for thin
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film technology found today [31,103-105,107].

Ag*-ion conductive Cu”-ion conductive

-1 _
10 Crystalline sulfides
1()'2 — lassy sulfides
10° LisN-relats 2@ "\
T4 NASICON type rowékite ty
g 10 7 ® et type
& 10° - Lilrelated & s
© Li*-i ducti
b 10° e ©® i*-ion conductive
107 - A
® A
10°
101 ! | = I T T T
1960 1970 1980 1990 2000 2010
Year

Figure 2.5: Progress in solid electrolyte for the past 50 years. Taken from [102].

2.4.3 LiPON: Lithium phosphate oxynitride

A large number of the electrolytes used in microbatteries are glass ion conductors. Some
examples of bulk ion conducting oxide glasses include silicates, borates and phosphates.

Phosphate glasses are formed by PO, tetrahedrons linked through bridging oxygen ions
forming chain or network structures. Modifying units are introduced to enhance material
properties for determined applications [108]. Phosphate glasses modified with different
metal oxides have been long studied due to their particular properties. Just to mention
some examples, zinc phosphate has high chemical durability, iron phosphate is used
as nuclear waste host, alkali aluminophosphate compositions have low glass transition
temperatures and high expansion coefficient, while bio-compatible phosphate glasses and
glass ceramics are used in medical applications [109-113]. Focus has been set for alkali
elements like Li or Na for their low melting temperature and high thermal expansion
coefficient as well as the fast ion conductivity that make them good candidates for solid
state electrolytes [114-116].

Li;PO, orthophosphate glass is an insulator with a large band gap (5.75 eV) [117]. On
one side PO, tetrahedrons are joined with covalent bonding and on the other lithium and
oxygen atoms are linked with ionic bonds, which is a structural arrangement responsible
for improving the chemical durability towards water.
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The ionic conductivity of a glass is closely linked to the mobility of charge carriers. These
materials present conductivities between 1073 and 107 S em ™!, less than the observed
for liquid electrolytes. The best ionic conductivities found for bulk glasses are from
thin film sulfides. However, sulfide materials are highly hygroscopic and thus difficult
to implement on an industrial scale. This is not the case for oxide glasses. However,
given the low ionic conductivity that oxide glasses present, several methods have been
proposed to improve ion mobility. Studies on Li-borate glasses reported an increase of
ionic conductivity by structural modification of the interface with thickness control of
materials [118-120]. A second approach was related with doping of borate glasses with salts.
A third method was the incorporation of nitrogen into the glassy structure which is known
to additionally improve mechanical and chemical properties. Loehman concluded that the
addition of nitrogen to an oxide glass enhances chemical durability, and increases its glass
transition temperature (Tg), hardness, fracture toughness and elastic modulus [121]. The

incorporation of nitrogen to the different oxides will result in oxynitride type glasses like
SiAION [122], NaPON [123], LiNaPON [124], LiBON [125,126] and LiPON [31,127].

LiPON is the most used material as a solid electrolyte in microbatteries since it was first
deposited by Bates et al. as thin film in 1992 [31,127]. The deposition of the thin film
was done by reactive sputtering starting from a crystalline Li;PO, target and nitrogen -
argon gas mixture to produce the plasma [127]. The potential stability window of LiPON
calculated by the Bates and his group was 5,8 V which indicates the materials’ stability
when in contact with lithium [128]. For the case of RF magnetron sputtering, which
is a common method used for the deposition of LiPON thin films for electrochemical
applications, many authors have found the influence of RF power [45,129-132], N, gas
flow [42,131], N, pressure [45,130,133] and substrate-target distance [45,134], on the final
composition, Li ion conductivity, film morphology and deposition rate. The values of
composition significantly depend on the deposition parameters.

Introducing nitrogen into the glassy network in substitution of the oxygen will give nitrogen
two types of configuration, which is double and triple coordination with phosphorus. These
species which create the three dimensional glass network have been detected and studied
with different techniques (NMR, XPS). Bunker et al. established a theory for nitrogen
incorporation in the phosphate structure where 2 units of Nt are formed on the extent of
3 bridging oxygen (Ob) while 2 units of Nd are made when only 1 bridging oxygen bond
is broken [135].
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Figure 2.6: Possible structures which can be found for Nd and Nt coordinated nitrogen in
LiPON [130, 132].

Dussauze et al. found for LIBON how the main advantage of nitrogen incorporation is the
improved chemical and mechanical stability with additional increase in cross linking in
the network, which in the same way reduces the electrostatic energy since P-N bonds are
more covalent than P-O bonds [136].

Understanding the nitrogenation mechanism is important and in this way studies have
been dedicated to bulky glasses. Nevertheless, attempts to understand thin film material
has been done less.

Until now several studies on composition and structure on bulky metaphosphate glasses
[109,125,137] have been done but not so many have focused on thin film materials [138].
It has been found that these alkali metaphosphate glasses present particular properties
different from bulk materials.

These are advanced techniques that enable the preparation of glassy structures with a
larger glass region than bulk glasses prepared with traditional melt quenching processes.
Understanding the effect the preparation conditions have on the thin films in terms of
chemical composition and properties has captured the attention of many research groups.

Nevertheless, when these parameters are tuned to obtain the best ionic conductivity the
films can be applied in electrochemical systems like as solid electrolyte for micro batteries
or in our case as protective layer for the positive electrode.

2.5 Formation of surface layers on positive electrodes

The Solid Electrolyte Interface (SEI) layer is a known layer formed at the anode surface due
to reduced species of the electrolyte [139], where the overall properties affect the battery
performance. This layer is meant to prevent further decomposition of the electrolyte
during battery operation. The main characteristics the SEI should have are:
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Good adherence to the electrode material.
Insolubility in the electrolyte (including high temperatures).

Good electronic insulation

-~ W o=

Good lithium ion conduction
5. Avoid solvent co-interaction by removing solvation shell from lithium ions.

Modification of the electrode surface may help in the improvement of cyclability of lithium
ion batteries.

The SEI layer is composed of degradation products from electrolytes, for example, an
organic/inorganic nature with salt degradation species, lithium carbonates and alkyl
carbonates. XPS studies done by Dedryvere [8] on different cathode materials like LiMnO,
and LiNiO, showed the presence of Li,PF,, Li,POyF,. Aurbach et al. studied LiMO,
and observed Li,CO5 with ROCO,Li and polycarbonate species. They have attributed
the formation of this layer to the nucleophilic reaction of LiMO, with the alkyl carbonates
in the electrolyte, known to be strong electrophiles [140].

This surface layer is not necessarily detrimental since the organic surface films should
protect the cathode from reactions with acidic species in the solution (which can promote
transition metal dissolution [141]). This dissolution has also been seen by Markovsky et
al. [142], when they studied the surface of the lithium anode after cycling, and showed
presence of cobalt.

Some other problems arise from the reactions that can occur at the electrode/electrolyte
interface. Vetter et al. [9] has detailed these reactions, where the most relevant are:

e Self discharge due to spontaneous lithium insertion and electrolyte oxidation.

e Nucleophilic reactions between the cathode and the solvent like for example in the
case of lithium transition metal oxides containing Ni or Co.

e Structural changes and dissolution of the transition metal observed as a poisoning of
the cathode and loss of oxygen.

e At highly de-lithiated states x>0.5 there is a strong oxidation of the electrolyte and
oxygen loss which gives a high charge transfer resistance.

Similar to the negative carbon material, the degradation of positive active materials
depends on state of charge and cycling conditions [9]. The insertion/extraction of lithium
ions leads to changes in the molar volume of the materials, which may induce mechanical
stress and strain to the oxide particles and, hence, to the electrode. Also, phase transitions
can occur, which lead to distortion of the crystal lattice and further mechanical stress.
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2.6 Surface modification of cathode materials

Several methods, which are used to improve the battery performance, include bulk dopant
of cathode material, additives in the electrolyte solution and surface coating.

Many of the coating procedures are based on sol-gel technique where large amounts of
solvents and a post-annealing treatments are needed [143-146]. In the last years several
groups have reported on the electrochemical improvement of lithium ion batteries with
surface modification of cathode materials by deposition of thin oxide layers applying ALD
and PVD. Research has focused on Al,O,, TiO,, B,0;, SiO, and ZrO, [26,29, 143-148].
Other surface coating approaches with lithium conductors, like LiPON, have also been
studied [24]. The thin film approach has the advantage that the surfaces obtained have a
simpler geometry compared to particle systems [147]. In this way coating the material
with a controlled and homogeneous film with known thickness also represents a positive
point.

Promising results in terms of long term stability were found for ZrO, layer coating on
LiCoO, cathode after 70 cycles, which showed only 7% of capacity decreases, while the
uncoated cathode had 42% loss [26]. The overall effect the protecting layer has on the
electrode was attributed to the stabilization of the crystal structure of the cathode during
the first charge process. Additionally, it has been considered that the oxide layer served
to decrease the deterioration of the cathode due to the physical barrier between active
material and electrolyte avoiding possible metal dissolution [26].

Thackeray et al. proposed that the effect of the metal oxide is the creation of a solid
electrolyte interface with lithium which protects the film against the attack of HF present
in the electrolyte after decomposition [27]. Takamastsu and coworkers have found that
very small layers of ZrO, are enough to improve the cyclability and potential durability
by acting also as a layer decreasing the area of contact between cathode and electrolyte.
They have also observed how thicker layers increase the resistance and and performance
decreases [28].

Cho et al. have shown a range of materials as protective layers for LiCoO, , and ZrO,
proved to be the one with best results [143]. They speculate that Zr atoms occupy Co sites
and which helps suppress the lattice constant changes. Other authors disagree, like Chen
and Dahn [149] based on XRD studies. They found no lattice parameter variation with
cycling while the capacity retention was independent of the fracture toughness mentioned
by Cho et al. Instead, Chen and Dahn found that the coating causes a slight rate capability
degradation.

In the same way, synchrotron-based in situ X-ray diffraction techniques used by Chung et
al. on ZrO,-coated LiCoOs , showed how coated electrodes have less deterioration with
cycling at higher voltages (4.8 V). Chung et al. argued how the improved characteristics of
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the coated material compared to the uncoated LiCoQOs is due to reduced polarization effect
generated by the precipitation of the electrolyte decomposition products on the electrode
surface. The concluded that such coating provides some protection for the cathode surface
of LiCoOy and reduces electrolyte decomposition.
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Chapter 3

Methods

This chapter focuses on the two technical aspects involved in the development of the thesis.
A first section will be dedicated to the techniques employed for the synthesis of the thin
films, i.e. physical and chemical deposition routes. The preparation of the LiCoO,, ZrO,
and LiPON thin films were done by magnetron sputtering, while Li(NiMnCo)O, films
were prepared by aerosol assisted chemical vapor deposition.

The second section is dedicated to the characterization of these materials performed
with the help of several methods, including X-ray photoelectron spectroscopy, scanning
electron microscopy, energy dispersive X-ray spectroscopy, X-ray diffraction, inductively
coupled plasma spectroscopy and infrared spectroscopy. Additionally, the electrochemical
performance of the above mentioned materials was studied using a battery ensemble. For
this, cyclic voltammetry, galvanostatic cycling and electrochemical impedance spectroscopy
were measured.

This PhD thesis was a collaboration between the Surface Science group at the Technische
Universitat Darmstadt, and the Group 2. Energy: Materials and Batteries, at the Institut
de Chimie de la Matiére Condensée de Bordeaur (ICMCB-CNRS). The experimental work
presented here was selectively done in either laboratory, which will be named related to
the data when necessary.

3.1 Thin film deposition

The development of techniques to deposit thin films has become essential due to the
advanced technological requirements. At present, many of these techniques are based on
the deposition of thin films on a substrate from a vapor phase generated by a physical or
a chemical process.
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3.1.1 PVD

In physical vapor deposition (PVD) the vapor is produced by physical processes which can
occur in vacuum or at higher pressures. The main categories of PVD are vacuum deposition
(evaporation), sputter deposition, laser ablation, epitaxy growth and ion deposition [150].

One of the most common techniques used to produce thin films is sputtering. In this
process a target material is bombarded with energetic ions. The ionized gas is generated
by an applied DC voltage between target and substrate forming a hot gas-like phase
conformed by ions and electrons, called plasma. The charged atoms are accelerated to the
target colliding with the atoms in the material and ejecting them to the gas environment.
The ejected atoms will then travel towards the substrate and condense into a film. The
electrons released during the gas ionization are accelerated to the anode substrate where
new collisions with gas atoms occur, creating more free ions and electrons and thus giving
a continuous production of these species. For the deposition of conductive materials, a
DC power supply is used. However, for insulating or semi conducting targets, the use of a
RF power supply is considered by applying an alternating current with frequencies higher
than 50 kHz [150].

By adding a strong magnetic field near the target area in the system, the sputtering process
is enhanced. These systems are called magnetron sputtering. The plasma generated is
confined to an area where the magnetic field is stronger, causing faster deposition rates,
greater gas ion replenishment and less substrate damage from stray particles. Figure 3.1
shows the target configuration when a magnetic field is applied to the vaporization process.

Figure 3.1: Schematic representation of the target configuration for a magnetron sputtering
process.

Sputtering can be used to deposit elemental materials or compounds. The material
vaporized will have the same composition as the bulk of the target. Nevertheless, elements
in a compound target tend to have different volatilities, therefore there is a loss in
stoichiometry in the final film compared to the starting target. The compensation of these
losses can be done by including a reactive gas such as oxygen or nitrogen. This sputtering
configuration is called reactive sputtering, and directly refers to deposited thin films of
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compounds formed from the reaction between the target and the environment gas present

(N, or O,) [150].

Thin films have generally particular properties which differ from the material in bulk form,
and depend on the deposition parameters used. There are five main points that influence
the properties of thin films [150]:

1. Substrate surface: morphology, chemistry, mechanical properties, surface defects,
stability, and preferential nucleation sites.

2. Deposition process and system geometry: temperature deposition rate, gas contami-
nations.

3. Film growth on substrate surface: condensation, nucleation of adatoms, interface
formation, surface mobility of adatoms, growth morphology of film, among others.

4. Intermediate processing.
5. Post deposition processing and reactions.

By having constant geometry, gas pressure, gas composition and target voltage, and
current (power), a constant and reproducible plasma, and consequently thin films, can be
produced.

By establishing a set of parameters, reproducible LiCoO,, LiPON and ZrO, films were
produced here using RF magnetron sputtering.

Samples were deposited either on titanium foil (Alfa Aesar 99.95% ), silicon substrate
stacks of Si/Si0O,/TiO, or Si/SiO,/TiO,/Pt (GMEK), depending on the characterization
technique. The targets employed were all 2 inches diameter, Li, ,Co, ,O, (FHR, 99.9% ),
Li,PO, crystalline target (J.K. Lesker, 99.95% ), and metallic Zr (J.K. Lesker, purity
Grade 702). For the LiCoO, deposition a standard gas mixture of Ar/O, was used, for
LiPON either pure N, or a gas mixture of Ar/N, was used, while for ZrO, an Ar/O,
mixture. The total gas flow, which was generally used, was 10 sccm and a pressure of
8-10~2 mbar, for all cases.

These experiments were performed in the Surface Science Group in Darmstadt, at the
Daisy-Bat (Darmstadt integrated system for Battery research). The Daisy—Bat is an
integrated cluster tool for in situ deposition and surface characterization of materials for
battery applications. The films were deposited either at the ” Anode” or ”Electrolyte”
sputtering chambers, as seen on Figure 3.2, and were either transported to the analysis
chamber for XPS measurements or taken to the glove box, without breaking vacuum or
exposing the sample to air. A transfer box can be attached to the load lock where quick
transport of the sample can be made under vacuum or argon for further battery assembly.
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Figure 3.2: Daisy-Bat: DArmstadt’s Integrated SYstem for BATtery research.

The deposition of LiCoO,, ZrO, and LiPON was done in TU Darmstadt. Additional
LiPON layers were deposited at the ICMCB-Bordeaux in a similar sputtering chamber.
Thin films were deposited on aluminum and glass substrates for the determination of
chemical composition (ICP) and electrochemical properties (EIS).

3.1.2 CVD

In chemical vapor deposition (CVD) the vaporization of atoms or molecules is done by
high temperature reaction or decomposition of chemical precursors. The reaction between
the species in gaseous phase will take place either on or near the substrate surface. The
advantages that CVD has over other deposition techniques are the high growth rate, the
deposition of materials which are hard to evaporate, the good reproducibility, and the
growth of epitaxial films. With this technique it is possible to have a conformal coverage
over all the substrate [150].

CVD can be classified by the final application of the material, the process and reactor
used, by the precursor employed, and the chemical reaction taken place. Most of the
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CVD processes use endothermic reactions so activation energy is needed. It can be
provided by electrical heating, radio frequency induced heating, laser assistance and
plasma enhancement among others. Some examples of materials that can be prepared by
CVD are conductors, semiconductors, insulators/dielectrics, optoelectronic and optical
layers, and coatings [151].

The experimental parameters determine the deposition rate and the characteristics and
properties of the film. These variables include temperature, pressure, concentration of
precursors, gas flow, reaction geometry, and operating principles. CVD processes are
complex given the amount of steps occurring and the parameters that can be varied.
Nevertheless the process is in equilibrium so it is possible to study the kinetics and
thermodynamics involved. The two main factors involved in CVD processes are mass
transport and surface kinetics. Figure 3.3 shows the different steps in a CVD process that
can be classified as mass transport or surface reaction and are listed below [151].

Transport of the reactant molecules inside the reaction chamber.
Intermediate species formed.

Diffusion from the gas boundary to the surface.

Adsorption of species on the substrate.

Reaction/s at the substrate.

Desorption of product gases.

N e W

Transport of the product gases outside the chamber.
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Bulk Gas

Figure 3.3: Diagram of the mechanistic steps that occur during a CVD process. Adapted
from [151].

3.1.3 Aerosol Assisted CVD

A novel technique, which benefits from the basic principles of a CVD process fed by a
micro delivery system based on nebulization of a starting solution, is introduced. The
experimental setup is schematically depicted in Figure 3.4. This setup and implementation
for thin film deposition of transition metal oxides was developed by Dr. Ing. Azad
Darbandi (Nanomaterialien, Technische Universitdt Darmstadt).

The process includes an ultrasonic generator to produce the aerosol, which is later carried
continuously to a hot evaporation zone. As the solvent is removed, the remaining vaporized
precursor is transported to a subsequent reaction zone where the decomposition of precursor
and deposition of the multicomponent thin film occurs.
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Figure 3.4: Nebulized chemical vapor deposition setup used for the thin film production

The precursor solutions were transformed into aerosol using an ultrasonic nebulizer (1.7
MHz). The aerosol was then delivered by a flow of gas to the reaction chamber build
up by two furnaces which can be heated at different temperatures in spatially separated
heating zones for evaporation and reaction (T; and Ty in Figure 3.4). Both argon and
oxygen gases were mixed at the reaction chamber. The temperatures of the furnaces were
kept at 750°C (T;) and 800°C (T5) while the sample temperature was set to 850°C.

The Li(NiMnCo)O, (LNMCO) films were prepared on both platinum and silicon wafer
substrates. Stoichiometric amounts of lithium acetylacetonate (Sigma Aldrich 97% purity),
cobalt (III) acetylacetonate (Sigma Aldrich 98% purity), manganese (III) acetylacetonate
(Sigma Aldrich, 99% purity) and nickel acetate tetrahydrate (Alfa Aesar 98% purity), were
dissolved in methanol, testing different total ion concentrations, i.e 0.01, 0.025, 0.04, 0.05,
and 0.07 mol/L. The final molar concentration of solutions was achieved from relative
amounts of 1:1:1 of Co, Ni, Mn-precursors and a 20% excess of the lithium precursor.
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In addition to investigating different concentrations, a variety of total gas pressures (P
in Figure 3.4) were examined; 300, 500, 700 and 900 mbar. The average deposition
rates observed were between 7 and 83 nm/min on experiments for varying the solution’s
concentration and between 12 and 46 nm/min when changing the pressure.

3.2 Material Characterization

As mentioned before, the production of thin film materials is a crucial part in the
development of modern functional devices. Given that the final mechanical, chemical,
electrical, magnetic and optical film properties are determined by the micro-structural
qualities of the films, exhaustive material characterization has become an essential part in
device development. In general, characterization of thin films focuses on surface analysis.
For example, photoelectron spectroscopy is a technique which provides information on
the energy level alignment at interfaces. The electronic and ionic energy levels and their
relative position in a complex layer system, such as a battery stack, determine crucial
parameters like ionic transport. The interaction between the different interfaces formed
also have great impact on device behavior. Nevertheless, and due to the application of
the materials studied here in batteries, stability, behavioral, and other functional bulk
properties and characterization were also considered.

3.2.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy is a technique based on the photoelectric effect, where
a sample is illuminated with photons of a defined energy (hv). If the applied photon
energy is higher than the ionization energy of the sample, electrons are emitted and can
be detected by a photoelectric spectrometer. The energy provided by the absorption of a
photon is employed to eject an electron, with a certain kinetic energy (Eyin), from a core
level or valence level [152]. Considering the principle of energy conservation, the photon
excitation energy hv and the total initial energy of the system will be related to the final
energy of the system and Eyin, as seen in Equation 3.1. E* and E? are the fundamental
energies of the system at the initial state (neutral, N electrons) and at the final state
(ionized, N-1 electrons), respectively. The energy difference between these states will give
the ionization potential or binding energy Eg.

hv + E'(N) = E*(N — 1) 4 Eyin
Eg =E>(N—1)—EYN) =hv —Eyin

The ionization potentials corresponding to the core levels and the valence band are in
the range of ~ 30 to 1000 eV and 0 to 30 eV, respectively. XPS of core level states gives
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specific characteristics of each element probed, which is related to the charge of the atomic
site and suffers variations with changing chemical bonds.

The ejected photoelectrons may lose part of the kinetic energy during the photoionization
process, which can result in interactions and further excitations of a second electron
towards an empty orbital, or to a complete emission of the electron. These two processes
are called shake-up and shake-off, respectively. Additionally, when the liberated energy
from the ejection process is high enough, Auger electrons are emitted, as seen in Figure
3.5 [152].

® primary Auger
photoelectron electron @
Evac
VB
E1 : :
hv
EZ

Figure 3.5: Energy level diagram for posible photoelectron processes occuring during XPS
measurements. Adapted from [152].

The experimental determination of Eg of a metallic probe, in electric contact with the
spectrometer, can be established by the thermodynamic equilibrium of the Fermi levels
(Ef). The work function of the spectrometer, @gp, is the difference between the Fermi
level and the vacuum level. In this way, for conducting samples the binding energy can be
determined by the relation expressed in Equation 3.3.

EB =hv— Ekin — q)gp (33)

Nevertheless, this simple expression can not be applied for insulating samples, given the
inhomogeneous residual charges left at the surface after the photoemission process. In
these cases, a calibration procedure is necessary to determine the difference between the
measured and real Eg.

The surface sensitivity is given by the mean free path (A) of the photoelectron which varies
with excitation energy and the samples probed. hv photon energy from the K, radiation
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of Al (1486.6 €V) or Mg (1253.6 eV) are generally found in XPS spectrometers. It is
estimated that around 95% of the photoelectrons contributing to the spectra corresponds
to 3A, then the possible escape depth for a given element will be characteristic. Therefore,
Al K4 has a maximum mean free path corresponding to less than 10 nm. Nevertheless,
the surface sensitivity can be changed by variating the photon energy, Eyin, by using a
synchrotron source for example. Another way of changing the surface sensitivity is by
changing the electron emission angle. Nevertheless, the highest surface sensitivity that
can be achieved is for Exin=>50 eV with a resulting mean free path of about 5A, as seen
in Figure 3.6 [152].
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Figure 3.6: Inelastic mean free path of electrons in a solid related to the kinetic energy. The
minimum found relates to the highest surface sensitivity, which can be obtained from 50 eV
kinetic energy. Adapted from [152].

XPS is a useful technique which may help to determine the composition and electronic
structure of surfaces. Effects of doping, chemical reactions on interfaces (solid/gas,
solid/liquid and solid/solid), growth modes of thin films, chemical state of adsorbate,
barrier heights at contacts, charge transport mechanisms, and diffusion processes at
interfaces can be identified [152].

The used process to determine the chemical composition of layers with XPS was done
by evaluation of the absolute intensities corrected with the sensitivity factors of the
spectrometer [41,153]. Even though results are highly reproducible, there are some factors
that affect the correct determination from the peak intensity I, which depends on the
density of atoms n, the photon flux per second f, the angular efficiency factor (angle between
the photon path and detected electrons) 0, the mean free path of the photoelectrons in the
sample A, the photoelectrons detection efficiency y, the area probed A and the detection
efficiency T. This relation is shown on Equation 3.4.

[ = nfoOyAAT (3.4)
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The quantification of the intensity depends on the sensitivity factor (S) for each individual
photoelectron line. Equation 3.5 relates the given intensity of the emission and the density
of atoms n, for fixed spectrometer conditions.

n
=3 (3.5)
n Li/S
R 3.6
ny  12/Sy (36)

By establishing the ratio between two elements, the set of values for the spectrometer
constants will be established. In this way, the atomic fraction for any constituent in a
sample ¢y, will therefore be the ratio between the different elements (Equation 3.7)

LS
ST T L/S

(3.7)

All XPS measurements performed in this thesis were done at the Daisy-Bat lab with a
Physical Electronic VersaProbe XPS/UPS hemispherical analyzer unit with monochro-
mated Al K radiation (hv = 1486.6 €V). The measurements were done with a pass energy
of 23.50 eV.

3.2.2 Infrared spectroscopy

Infrared spectroscopy is a method which can be used for the direct qualitative analysis
and detection of bond type, structures and functional groups, present in a material. This
technique is based on the irradiation of a sample with a beam causing the electrical field to
interact with fluctuations in the dipole moment of the molecule. Only when the frequency
of the radiation matches the vibrational frequencies of the molecule the radiation will be
absorbed causing a change in the amplitude of the molecular vibration. Given that the
IR radiation frequency is between 0.78-1000 pwm, it does not induce electronic transitions.
Therefore, it can only cause differences in the vibrational and rotational modes of the
molecules. The different regions in the IR spectrum are based on the wavenumber.

e Near IR: Region between 12500 - 4000 cm ™.

e Mid IR: Most used region, located between 4000 - 650 cm !, It can also be further
divided in two regions, 4000 - 1000 cm~! where functional groups may be identified
and below 1400 cm ! where specific absorption bands of a material are probed, this
is the so called fingerprint region.

e Far IR: In the region between 650 - 200 cm ™! the analysis of the weakest bonds may
be done. This region is used for the study of organometallic or inorganic compounds.
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Molecules have specific vibrational modes, which depend on their components and func-
tional groups, and are classified as stretching or bending modes. Examples of these modes
are shown in Figure 3.7. Stretching modes are related to symmetric and asymmetric
vibrations which give changes in the inter-atomic distances along the bond axis. On
the other hand, bending modes refer to movements like rocking, scissoring, wagging and
twisting. IR spectra record the variation of transmitted or absorbed light as function of

the wavenumber.

Stretching

symmetric stretching  asymmetric stretching

Bending

A ON A ON

N

rocking scissoring

Bed

BN EaN

wagging twisting

Figure 3.7: Stretching and bending vibrational modes.

IR spectroscopy was employed for the analysis of lithium phosphates and lithium phos-
phorus oxynitride film structure. Figure 3.8 presents the vibrational modes present in a
tetrahedral molecule with general formula MA, with A1, E, and T2 represent the molecular
symmetry groups, like the ones found for phosphates tetrahedrons. The T2 modes are IR

active and triply degenerate [154,155].
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Figure 3.8: Vibrational modes of a PO,?~ tetrahedron. Adapted from [155].

Modes v; and v3 represent symmetric and asymmetric stretching, while vy and v, are
related to the bending modes in a PO,~ tetrahedron. The analysis of the peak position
compared to standard reported values allows a proper identification of the molecular
structure present in the sample. More information on the case of IR will be given in
Chapter 7.

The IR transmission spectra were recorded on a Bruker Vertex 70 v spectrometer, working
under vacuum and equipped with DTGS detectors and two beam splitters (KBr or mylar
multilayer). A total of 200 scans were averaged with a resolution of 4 cm ~!. A glove bag
was attached to the IR spectrometer which was used for the handling and exchange of
samples.

3.2.3 Scanning electron microscopy and energy dispersive X-ray
spectroscopy

SEM is used to image a surface by interaction of an electron beam directed towards the
sample. The electron microscope focuses the entire image getting a detailed view of the
thin film. When the primary electron beam impacts the sample, the electron beam will
penetrate a determined depth, which will depend on the beam’s energy and inversely
depend on the atomic number of the probed material. The different interactions between
primary electron beam and the sample will generate several scattering effects, which can
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be elastic or inelastic, corresponding to backscattered and secondary electrons, respectively.
As the electrons only interact within a short range inside the surface, additional information
can be obtained from these interactions, thus secondary electrons and back scattered
electrons are detected. Considering the secondary electrons, which result from a inelastic
scattering, the intensity of the collected signal gives information of the topography and
morphology of the layer. On the other hand the back scattered electrons, resulting
from elastic scattering, give information on the chemical composition. Highly energetic
backscattered electrons may cause ionization of the atoms before leaving the surface,
producing additional secondary electrons. The relaxation of these ions lead to the emission
of X-rays or Auger electrons characteristic of each element present. The particular X-ray
photon or Auger electrons emitted help characterize the chemical composition of the
sample by applying SEM withan energy dispersive (EDS) mode. The characteristic X-ray
emission lines of the cations of interest, present in the materials analyzed in this work,
manganese, cobalt and nickel, are shown in Table 3.1.

Table 3.1: Photon energies, in keV, of principal K-, L-, and M-shell emission lines for Mn, Co
and Ni [156,157].

Element Koy Koo Kp, Loy Lo LB,

Mn 5.89875 5.88765 6.490.5 0.6374 0.6374 0.6488
Co 6.93032 6.91530 7.64943 0.7762 0.7762 0.7914
Ni 747815 7.46089 8.26466 0.8515 0.8515 0.8688

At TU Darmstadt SEM and EDX measurements were performed with a Philips XL30 FEG
High-resolution scanning electron microscope (HR-SEM) with EDX (energy dispersive
X-ray spectroscopy), EDAX Genesis and Electron Backscatter Diffraction (EBSD). At the
ICMCB-Bordeaux a JEOL 6700F (High resolution, Cryo-SEM analysis X) microscope was
used. Measurements were performed by Sonia Buffiere, Ingénieur d’étude at PLACAMAT,
Université de Bordeaux.

3.2.4 X-ray diffraction

X-ray diffraction is the most common technique to study the crystalline structure of a
material, and it can determine several parameters like lattice parameters, cell volume and
degree of texturing. This technique also serves in the detection of impurity phases and
evidences the presence of eventual structural disorder.

After the sample is irradiated, the diffracted X-ray beam occurs at a certain angle 0 from
a set of lattice planes separated by a distance d, as described by Bragg’s law, as shown in
Equation 3.8.

nA = 2dsin 6 (3.8)
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A well crystallized structure will have periodically arranged units which will scatter only
at certain directions related to the different lattice planes present. Incident X-rays will
interact with the these atomic planes creating interference with the incident beam when
leaving the structure. In this way all the periodic distributions of electron density may be
determined. On the other hand, amorphous materials will have overlappig X-ray scattering
from many directions. This will give a broad band over a wide range of the 20 values.
The presence of these broader peaks are therefore a good indicator of the presence of
amorphous phases or a not fully crystallized material. Spectral results are analyzed with
the PDF database which gives information of the crystal structure present in the film
planes of symmetry.

In the TU-Darmstadt, XRD patterns of the Li(NiMnCo)O, films were recorded on a
Bruker D8 diffractometer with angular range between 15 and 80° 20 with a step size of
0.03° and a scan rate of 2 s per step.

Analysis of the diffraction data of a set of samples was performed using the Rietveld
method with the program TOPAS 4.2 (Bruker AXS, Karlsruhe, Germany) [158]. To
determine the degree of texturing, the model of March and Dollase [159] was used to
correct the reflections’ intensities for (0 0 1) texturing with the factor Oy (Equation 3.9),
where o describes the angle between the lattice plane under consideration with the (0 0 1)
plane and Gy is a refined parameter. Therefore, G; = 1 gives no influence of texturing,
whereas G; <1 indicates strong texturing perpendicular to the (0 0 1) plane.

Or = [G2 - cos2o + (Gi - sinZo)] L (3.9)
1
The XRD of LiCoO,, ZrO, and LiPON were measured with a Seifert PTS 3003 diffrac-
tometer using a Cu anode and an X-ray mirror on the primary side. On the secondary
side a long Soller slit and a graphite Monochromator was used to separate the Cu Ky
line, operated at 40 mA and 40 kV. These measurements were performed by Dr. Joachim
Brotz (Kompetenzzentrum Materialcharakterisierung, Technische Universitdt Darmstadt)

In the ICMCB-Bordeaux a Bruker D8 Advance diffractometer was used with a Gobel mirror
as primary optics and a theta-two theta diffractometer when measuring grazing incidence X-
ray diffraction. This last variation of diffraction analysis is used to obtain microstructural
information in directions parallel to the substrate, different from conventional Bragg
diffraction where the direction analyzed is perpendicular to the interface. This technique
has been developed for very thin films that can not be probed with conventional diffraction
methods [160].
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3.2.5 Inductively coupled plasma spectroscopy

Inductively coupled plasma spectroscopy (ICP) is a technique employed for chemical
analysis and composition of materials. This method uses argon plasma as source of
ionization and excitation. The ICP source is in the form of a white, intense and bright
flame. The plasma temperature oscillates between 6000 and 7000 K, which allows the
dissociation of molecular species to excited atoms and free ions. The emission of UV-Vis
photons are expected when these ions return to their fundamental state. The quantification
of the photons received by the photomultiplier when compared to the calibration from a
reference solution. Apart from halogens, oxygen and nitrogen, this technique allows the
identification of a large amount of elements in solution with high sensitivity.

ICP was applied for LiPON layers prepared in [ICMCB-Bordeaux for the determination of Li
and P ratio. The wavelength of the emission lines for Li and P are 460.289 nm and 214.914
nm, respectively. Thin films were deposited on aluminum foil which were later dissolved in
boiling Aqua Regia (HCI:HNO, 1:2) solution. Triplicates of these measurements were done
for a good statistical base. ICP was performed by Laetitia Etienne, assistant Ingénieur at
ICMCB-Bordeaux, using a Varian 720ES spectrometer.

3.2.6 Electroanalytical techniques

The electrochemical characterization of a material focuses on the changes caused by an
external perturbation leading to the passage of electrical current and the generation of
electrical voltage due to chemical reactions [48].

The electrochemical performance of the material was measured using a Swagelok type
cell assembled in an argon filled glove box with Li metal as the anode and lithium
hexafluorophosphate solution, LiPFg 1 M in ethyl carbonate-diethyl carbonate 1:1 (UBE
Industries 1td.) as the electrolyte. Thin films were generally deposited on titanium
substrates, which act as current collector in the battery.

3.2.6.1 Cyclic Voltammetry

Cyclic voltammetry (CV) applies a linearly changing voltage (ramp) to the electrode as a
function of time while registering the changes in the induced current. When the potential
reaches the value at which the electrochemical reaction takes place, the current measured
increases proportionally to the amount of lithium exchanged This current peak identifies
the potential at which the reaction occurs. For the majority of the cases addressed in this
thesis, cyclic voltammetry was performed between 3-4.2 V using a scan rate of 0.05 mV/s,
unless stated differently.
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3.2.6.2 Galvanostatic cycling

During galvanostatic cycling (GC) a constant current is applied to the electrode during
charge and discharge, where the potential change is recorded as a function of time. For
the tests performed on the materials developed in this thesis a current of + 1 pA between
3 and 4.2 V, was generelly applied, unless stated differently.

3.2.6.3 Electrochemical impedance spectroscopy

Both cyclic voltammetry and galvanostatic cycling are techniques that build on the
electrical response in relation to the change in impedance at the electrode/electrolyte
interface.

The ionic conductivity of thin films was determined by performing EIS measurements.
Impedance can be described as the ability of a circuit to resist a flowing electrical current.
EIS is measured by applying an AC potential to an electrochemical cell, where the current
response is measured. This approximation can be done by associating the impedance
response to an equivalent circuit, which is a model used to interpret simple impedance
data. Most of the circuits are made of common electrical elements like resistors, capacitors,
and inductors.

The AC potential applied generates changes in the real and imaginary parts of the
impedance, which are computed as a function of the frequency. The overall shape of the
response in the complex plane is characteristic for very specific mechanism present. For
example, a straight line with slope = 7t/4 is related to the diffusion process which creates
an resistance called Warburg impedance (W). A semicircle corresponds to a simple electron
transfer which includes capacitance in parallel with a resistance. The combination of
diffusion and kinetic processes will lead to a model with a capacitance and a charge transfer
impedance (W). The equivalent circuits considered for electrode-electrolyte-electrode and
battery configurations studied here are shown in Figure 3.9 (a) and (b), respectively. The
corresponding Nyquist plot for each case show the variation of the frequency with the real
and imaginary part, Z’ and Z”.
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Figure 3.9: Impedeance spectra of a thin film electrolyte and the corresponding fit with the
equivalent circuit for (a) electrode-electrolyte-electrode and (b) battery configurations.

The ionic conductivity of thin films (o) in the electrode-electrolyte-electrode configuration
was calculated using the resistance R obtained from the Nyquist plot. The R1 is used in
Equation 3.10 where d is the layer thickness and A the area of the done.

(3.10)

For the determination of the ionic conductivity of LiIPON in ICMCB-Bordeaux, sputtered
films were deposited on glass substrates with copper (Cu) current collectors, 200 nm thick.
These blocking electrodes were also deposited by sputtering using a metallic Cu target
and an argon plasma. Figure 3.10(a) shows the configuration of the impedance cell on a
glass substrate showing the sandwich structures (area 4 mm?) where the measurements
are taken.
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Figure 3.10: Impedance measurement device and cell and configuration of a sandwich structure
with electrode/LiPON /electrode [42].

The measurement device available at ICMCB-Bordeaux (Figure 3.10(b)) has the advantage
of having the cell inside a closed argon environment during measurements, which is useful
for air sensitive samples. The glass device can be connected to a furnace and register
the change in conductivity as function of temperature to determine the activation energy
(Eq) or energy necessary to have the mechanism of conduction. By using the Arrhenius
expression (Equation 3.11), the E, can be calculated from the relation between ionic
conductivity o and temperature T.

Eq
= —— 3.11

0 = opexp(— ) (3.11)
At TU Darmstadt, the cell impedance of batteries were measured directly before and after
the respective electrochemical test. For LiPON films, the layers were deposited using
Si/Si0,/TiO, /Pt (GMEK) substrates with a gold blocking layer on top. The impedance
measurements were generally done with a 10 mV AC excitation signal between 5-10°-0.1
Hz.
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Chapter 4

Thin film cathode materials

This chapter presents the deposition of thin film cathode materials. The routes employed
to deposit such materials were physical vapor deposition (PVD) and chemical vapor
deposition (CVD). PVD was used for the deposition of LiCoO, which serves as standard
material for comparison, while a novel deposition method was used as a route to obtain
thin films of Li(NixMnyCoi_x_y)O2 (Li(NiMnCo)O,). A comparison of sputtered LiCoO,
and Li(NiMnCo)O, is made in terms of structure and electrochemical performance.

Li(NiMnCo)O, cathodes have been studied thoroughly in the past decade for Li-battery ap-
plications [161-164]. Since the first published work on the synthesis of Li(Ni; ;3Mn; /5C01 /3) O
by Ohzuku and Makimura [165] much effort has been focused on the deposition of thin
films positive electrode materials as replacement of LiCoO,. Nevertheless studies on the
deposition of these materials with CVD are scarce [64]. The key point for high quality thin
films with chemical vapor processes is the optimization of deposition parameters, e.g sample
temperature, concentration of precursor solution, carrier gas and flow rate [88,92,95].

This chapter focuses on the synthesis of cathode materials which are comparable to the
standard positive electrode in terms of surface homogeneity and chemical activity.

4.1 LiCoO, thin films

The deposition of LiCoO, thin films was done by rf magnetron sputtering. As the chamber
employed was newly built, the starting point was to perform a screening and determination
of the best deposition parameters based on chemical composition. These results were used
subsequently to obtain thin films with the best electrochemical activity possible.
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4.1.1 Deposition of rf magnetron sputtered thin films

Details of the PVD setup used in this part is described in Section 3.1.1. The initial
experiments included the variation of deposition temperature, rf sputtering power and
the gas ratio (Ar:0,). All experiments were made under a total gas pressure of 8-1073
mbar. Table 4.1 summarizes the experimental parameters used in this section. Chemical
composition and electrochemical activity were determined by XPS measurements and
cyclic voltammetry, respectively. All samples were deposited on titanium foil for 2 h.

Table 4.1: Summary of deposition parameters employed for the LiCoO, thin film deposition

screening.
Sputtering parameters Other

Temperature (°C)
450
500 with Ar:0, 1:1,
550 50 W power.
600

rf Power (W)

35
40 at 550° C,
50 Ar:0, 1:1.
60

Gas Ratio (Ar:0,)
1:1
2:1 at 550° C,
3:1 50 W power.

4.1.2 Results

4.1.2.1 Determination of sputtering parameters

XPS was employed to determine the elemental composition based on the core level peak
areas from Li 1s, Co 2p, and O 1s spectra. Figure 4.1 shows the normalized values of the
elemental atomic percentage of each layer in each set of experiments performed (Section
3.2.1). Figure 4.1 shows the resulting layer composition of each set of experiments.
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Figure 4.1: O/Co and Li/Co ratios of LiCoO,, thin films deposited with different parameters (a)
Temperature: 450, 500, 550 and 600°C; (b) rf power: 35, 40, 50 and 60 W; and (c) Gas ratio

Ar:O,: 1, 2 and 3.

Gas ratio Ar:O2

4.1.2.2 Deposition temperature

Results on Figure 4.1.(a) evidence a change in composition when the temperature is
increased over 550°C. Depositions at lower temperatures seem to not affect the relation
between components, while at 600°C there is an apparent loss of material evidenced by
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the low amounts of lithium and oxygen in reference to cobalt.

Figures 4.2 show the CV curves of layers prepared at different temperature with 50 W rf
power and Ar:O, 1:1.
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Figure 4.2: Cyclic voltammograms for sputtered LiCoO, thin films at different temperatures
(a)450°C, (b)550°C and (c¢)600°C.

Prior studies on sputtered LiCoO, describe how high temperature (HT) phase LiCoO,
can be deposited at room temperature and then annealed between 400-650°C and present
the R-3m symmetry [166]. As an example, Figure 4.3 provides the XRD pattern for the
LiCoQ, film prepared at 550°C. The pattern has reflections from (0 0 3) found at 18.8°,
(101)and (01 2), observed between 37°-39° and the main peaks from the titanium
substrate. XRD shows a polycrystalline structure shows a preferred (0 0 3) orientation
in line with reported layers sputtered on Ti foil [167-169]. Bohne et al. have found that
metallic substrates, due to possible oxidation and O-termination of the surface, favor the

formation of (0 0 3) texture [168].
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Figure 4.3: XRD pattern of sputtered LiCoO,, thin film on titanium foil prepared at 550°C, 50
W and O9:Ar 1:1.

Prior results from the group concluded that 550°C seems to be the optimal temperature for
LiCoO, deposition [24,166], the reason why it was chosen for the subsequent experiments
as the working temperature which delivers hexagonal crystal structure with no additional
phases. XPS spectra recorded for the surface layer, seen on Figure 4.4, shows features for
stoichiometric LiCoO, in accordance to sputtered layers deposited at similar parameters
[24,166].
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Figure 4.4: XPS spectra of core Li 1s, Co 2p and O 1s from LiCoO, thin film deposited at
550°C, 50 W and Oq:Ar 1:1.

4.1.2.3 rf sputtering power

Figure 4.1.(b) shows the variations of film composition with changing rf power in the
sputtering process. The ideal value seems to be depositions at 50 W given that both
lithium and oxygen are in correct proportion in relation to cobalt. Lower powers seem to
favor over stoichiometric films, indicating the formation of impurity phases.

The CV of the first two cycles of thin films deposited at 550°C and 1:1 O5:Ar ratio, with
different rf powers are shown on Figure 4.5. Samples prepared at 35 W and 40 W were
cycled from 3-4.4 V while the layer prepared at 50 W was cycled from 3-4.2 V. The
CV curve of sample prepared at 50 W shows the typical features of a well crystallized
HT-LiCoO, with sharp oxidation and reduction peaks. For the two first cycles the peaks
appear at 3.92 V and reduction at 3.90 V. Samples at 35 W and 40 W, on the other hand,
have shifted cathodic peaks to higher voltages while anodic moves to lower. The lower
peak current intensity after the first cycle could indicate a performance decay due to the
formation of SEI layer [164].
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Figure 4.5: Cyclic voltammograms for sputtered LiCoO,, thin films with different rf power (a)35
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Figure 4.6: XRD patterns for sputtered LiCoO, thin films deposited with different rf power:40
and 50 W.

Figure 4.6 presents the XRD of samples deposited at 40 and 50 W. Both patterns present
similar features, nevertheless the layer done at higher rf power has a clearly increased
intensity of the (0 0 3) reflection and a possible appearance of the (0 0 6) reflection. These
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findings are in accordance with prior results of LiCoQO, sputtered films on platinum which
showed how higher rf power delivers layers with preferential (0 0 1) texture, while lower
powers gives mixed (1 0 1) and (1 0 4) texture [168].

4.1.2.4 Ar:0, gas ratio

The composition of films prepared at 550°C and 50 W with different oxygen ratios in the
gas mixture are shown on Figure.4.1.(c). The decreasing amount of oxygen in the total
gas flow clearly affects the stoichiometry of the film. Results show a loss of both elements
when working at low oxygen ratio, thus being not enough for the desired composition.
Interestingly both samples with lower oxygen in the gas ratio showed similar results (2:1
and 3:1 for Ar:0,).

Figure 4.7 presents the cyclic voltammetry curves measured from 3-4.2 V for samples
prepared at different Ar:O, flows. Films are electrochemically active and present similar
behaviors as with a 1:1 ratio. No shift in the cathodic or anodic peak is observed and the
decrease after the first cycle seems to be in the same proportion. Nevertheless decreasing
the amount of oxygen (samples 2:1 and 3:1) maintain the peaks’ sharp features evidencing
good crystallinity as seen for sample 1:1. As a particular point, when the amount of
oxygen is lowest, an additional peak is observed at around 4.07 V after the first cycle.
Several authors have attributed this peak to an order-disorder transition near composition
Lig5Co0s. [166,170,171].
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Figure 4.7: Cyclic voltammograms for sputtered LiCoO, thin films with different gas ratios
Ar:0, (a)1, (b)2 and (c)3.

The different sputtering parameters clearly affect the chemical composition and elec-
trochemical behavior of the material. Based on the results shown until now, the best
deposition parameters in terms of composition and electrochemical CV activity are 50 W,
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550°C and 1:1 Ar:0,. These parameters will serve as standard for further experiments
with LiCoO, addressing as for possible coating with artificial surface layers.

4.2 Li(NiMnCo)O, thin films

The ultrasonic nebulized CVD process was used for the deposition of thin films of
Li(NiMnCo)O, on silicon and platinum substrates. The deposition was studied as a
function of the working pressure and precursor solution concentration as mentioned in
Section 3.1.3. Phase composition, structure and morphology of thin films was investigated
in dependence of the different deposition parameters.

Given the higher difficulty CVD has to obtain homogeneous layers and also considering
this novel process. A more detailed study on the deposition of Li(NiMnCo)O, was done
and will be presented in this section.

4.2.1 Film Analysis and Characterization

X-ray diffraction (XRD) was employed to determine the composition and structure and
texture of the deposited films. XRD measurements were performed on a series of samples
prepared from different precursor solution concentrations and working pressures.

SEM imaging was used to determine the density, homogeneity, and particle morphology,
while EDX was used to determine the composition of the films. Thin films were deposited
on (1 0 0) oriented silicon (Si) for providing a smooth surface and the possibility to
provide a sharp cross section cut. SEM imaging of the cross sections was used to measure
film thickness and could be used to estimate the deposition rates for different process
parameters. Nevertheless films tend to be porous towards higher concentrations and
working pressures.

4.2.2 Results and Discussion

At first, films were deposited on silicon substrates to study the effect of precursor solution,
concentration, and deposition pressure on the structural properties of the films.

4.2.2.1 Variation of precursor solution concentration

Figure 4.8 shows the XRD patterns of Li(NiMnCo)O,, layers deposited at 900 mbar and
850° C for a series of precursor solution concentrations: 0.01, 0.025, 0.04, 0.07 moll ™.
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The data shows that for all the conditions crystalline Li(NiMnCo)O, phase was deposited
with different degree of texturing depending on the deposition conditions. Additionally,
the formation of Li,SiO3 and Li,MnSiO, phases were observed. The presence of these
phases and their effect on the films will be discussed later.
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Figure 4.8: XRD patterns of Li(NiMnCo)O, layers prepared at 900 mbar and 850°C from
different precursor solution concentrations: 0.07, 0.04, 0.025 and 0.01 moll~!. Vertical
lines denote Li(Ni,Mn,Co)O,, Li,SiO; and Li,MnSiO, phases.

As prepared thin films crystallize in the trigonal LiCoO, type structure with space group
R-3m. The lattice parameters and cell volume data, shown in Table 4.2, exhibit no
significant change for different precursor solutions. The values are in good agreement with
reports in literature for hexagonal «-Nal'eO, layered structures with LiNiyMn,Co;_x_ O,
(0.2 < x,y < 0.4) stoichiometry and corresponding reflections for (0 0 3), (1 0 1), (0 0 6)
(102) and (10 4) [81,172-174)].

Rietveld analysis was used to determine the degree of preferred orientation of the films.
The values of March-Dollase parameter for all the layers are also shown in Table 4.2. A
smaller March-Dollase parameter G; will indicate the preferred orientation perpendicular
to the (0 0 1) lattice plane. A rough classification of texture related to the G; parameter
can be given as follows: 1-0.9, no texture is present; from 0.8-0.6, some texture is present;
and less than 0.5, very strong texture is present.
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Table 4.2: Results of the Rietveld analysis of the diffraction patterns of the Li(NiMnCo)O,,
layers prepared at different precursor solution concentration. (*Not determinable due to very
strong texturing)

Concentration (mol/L) | a (A) | ¢ (A) | V (A?%) | March-Doll. (001) G,
0.010 * 14.248 * 0.3
0.025 2.875 | 14.236 | 101.90 ~1
0.040 2.856 | 14.265 | 100.77 0.95
0.070 2.865 | 14.274 | 101.45 0.95

Figure 4.8 shows how the relative intensity of the (0 0 1) increases for low concentrations
of the precursor solutions. The main presence of these peaks, (0 0 3) and (0 0 6) at 26
= 18.7° and 37.9° respectively, is an indicative for strong texturing. Rietveld analysis
confirms the (0 0 1) texturing for low precursor concentration, i.e. they present a low Gy,
compared to the rest of the series, where no texture is observed.
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Figure 4.9: SEM images of Li(NiMnCo)O, layers prepared at 900 mbar and 850°C from different
precursor solution concentrations: 0.07, 0.04, 0.025 and 0.01 moll~!. Images on the right present
film thickness for each case.

SEM images (Figure 4.9) show layers at lower concentration having a more compact
structure with large grains while the rest are less dense composed of particles with bulky
tree-like shape. This morphology is found frequently for thin film cathode materials
prepared with similar deposition routes. For example, Chen and co-workers obtained a
similar fractal-like porous morphology with Electrostatic Spray Pyrolysis [95], while Loho
et al. [175] prepared textured films of LiCoO, deposited by a laser-assisted CVD route on
silicon, being in agreement with the findings reported here.

4.2.2.2 Variation of total process pressure

Figure 4.10 shows the X-ray diffraction (XRD) patterns of Li(NiMnCo)O, layers deposited
at different pressures during the process with a starting solution of 0.05 moll™!. The
formation of the Li(NiMnCo)O, phase with additional impurities, labeled on the patterns,
was confirmed with XRD. Diffraction patterns show different degree of texturing for films
prepared with variation of total pressure in the chamber. (0 0 1) indexed reflections have a
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significantly higher relative intensity at lower pressures.
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Figure 4.10: XRD patterns of Li(NiMnCo)O, layers prepared at different pressures: 300, 500
and 700 mbar, at 850°C from a solution 0.05 moll~!. Vertical lines denote Li(Ni,Mn,Co)O,,
Li,SiO4 and Li,MnSiO, phases.

Table 4.3 shows Rietveld analysis results for the lattice parameters and G; texturing
parameter. The calculated data shows that the lattice parameters and cell volume do
not change significantly and again agree well with literature reports for Li(NiMnCo)O,,
[81,172-174]. It is observed that these films have some texture in comparison to films
prepared at 900 mbar. Thus this is indicative that a lower process pressure promotes
texturing and results in denser films. Moreover, the films deposited at lower pressures are
apparently purer.
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Table 4.3: Results of the Rietveld analysis of the diffraction patterns of the Li(NiMnCo)O,
layers prepared at different pressures.

Pressure (mbar) | a (A) | ¢ (A) | V (A®) | March-Doll. (001) G,

700 2.863 | 14.283 | 101.42 0.71
500 2.864 | 14.248 | 101.18 0.60
300 2.866 | 14.284 | 101.61 0.44

Figure 4.11 shows the morphology of the films deposited at different working pressures. At
high pressures particulate morphology is observed while films deposited at low pressures
are dense with larger grains. The trend observed for increasing pressure resembles the
behavior seen when the precursor concentration is increased. These films deposited at
lower total pressures in the chamber present large grains with a more compact structure,
while the rest of the samples are composed of particles with bulky tree-like shape and are
less dense.

700 mbar 500 mbar 300 mbar

Figure 4.11: SEM images of Li(NiMnCo)O,, layers prepared with different pressures: 300, 500
and 700 mbar, at 850°C from a solution 0.05 moll~'. Images on the bottom present film thickness
for each case.

The morphology observed at lower process pressures and concentration of precursor solution
is in agreement with layer growth on a substrate under conditions of low supersaturation,
i.e. low nucleation rate, and/or high surface diffusion [176] which is in line with the
occurrence of texture. Oppositely, at high pressure (or precursor concentration) the films
present low texture and low density, which consist of 100 nm particle size range. It is then
possible to assume that for increasing pressures, particles are more likely to be formed in
the gas phase and are subsequently deposited onto the substrate.
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The morphologies of films deposited at intermediate pressures or concentrations reflect the
presence of both growth modes, i.e. growth by particle deposition and layer growth on the
substrate, displaying a more fine-particulate deposit with a higher fraction of particles at
the process temperature [85,93].

Additional impurity phases were observed for both series of experiments. Li;SiO3 was
identified and its presence can be explained by the high reactivity of excess lithium with
silicon at the oxidizing atmosphere and high temperature (850°C) present in the process.
LiySiOg is observed to greater extent for films that are thinner or less dense, indicating
that this impurity is formed at the surface of the silicon layer and not present in the bulk.
On the other hand in some cases an additional phase is observed which could possibly be
related to a lithium containing manganese silicate Li,MnSiO, [177].

The composition of the films have been measured with EDX corresponding to the amount of
each metal relative to the total amount of transition metals present in the film. The analysis
of the composition shows some variation in dependence on deposition condition with most
films being in their decomposition ratio close to the 1/3 : 1/3 : 1/3 ratio, as expected for
the ratio of the transition metal concentration in the precursor solution (+ 5% ). Only
at very low solution concentrations and very low film thickness stronger deviations have
been observed, which may also be attributed to a systematic error of applying EDX on
very thin films [178]. This deviation is likely due to either complex deposition parameters
and involved processes, extent of stoichiometry transfer to the type of deposition mode,
or even the application of the analytical method. Nevertheless, a good stoichiometry is
expected given the stability of the metal cations in LiNi; ;3Mn; ,3C0; /302 [179] under the
deposition conditions employed.

So far, Li(NiMnCo)O,, thin films prepared on a Si substrate via aerosol assisted chemical
vapor deposition were studied as a model system which easily allows the monitoring of
morphology and crystallinity as a function of process pressure and solution concentration.
For practical use, a material like platinum (Pt), serving as current collector in battery
devices, is of more relevance for further comparison with LiCoO, thin films prepared in
the prior section.

The electrochemical activity of Li(NiMnCo)O, thin film on Pt was studied for a sample
deposited at 850°C, 900 mbar with a solution concentration of 0.05 moll™!, and yielded
the desired microcrystalline morphology, as observed in a different study.

Figure 4.12 shows the Rietveld plot of Li(NiMnCo)O,, thin film deposited on platinum foil.
The film presents phase pure Li(NiMnCo)O, with composition Li; 2(Nig 33Mng 34C0g.33)O2.8
determined by XPS from a sample that was in contact with air which can be the reason
for the oxygen over-stoichiometry. Rietveld refinement for this layer gave a texturing
parameter Gy = 0.77, lattice parameters a = 2.8655 A, ¢ = 14.232 A and cell volume V =
101.20A%, which agree well with reports of Li(NiMnCo)O, [81,172-174]. In contrast to
the deposition on Si, the use of platinum facilitates the preparation of purer films due to a
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decreased reactivity with Li,O/Li,CO; under the conditions used.
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Figure 4.12: Rietvield plot of deposited Li(NiMnCo)O, layer on Pt substrate at 850°C, 900
mbar with a solution concentration of 0.05 moll .

Figure 4.13 presents the SEM images of layers prepared on Pt and Si using the same
deposition parameters. These films were prepared only for morphology comparison. The
film deposited on platinum shows significantly different morphology compared to films
deposited on silicon. A possible reason is the high reactivity of the film with the silicon
substrate at the process temperature, resulting in the formation of Li;SiO3 which would

change the nucleation and growth behavior and thus affect the overall final composition of
the films.

Figure 4.13: Comparison of films grown on different substrates prepared with 0.05 moll~!
precursor solution concentration at 900 mbar, a) Pt and b) Si.
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4.2.2.3 Electrochemical performance

Figure 4.14 shows the cyclic voltammetry of the synthesized material on Pt foil at 850°C,
900 mbar with a solution concentration of 0.05 moll~!exhibiting good intercalation/de-
intercalation behavior. The oxidation and reduction peaks on the first cycle appear at 3.85
and 3.75 V respectively. The first anodic peak presents a slight shift towards lower voltages
and intensities while for the cathodic peak no change is observed. Upon film cycling
the performance and capacity decreases indicated by the lowering of the peak amplitude.
This behavior is similar to Li(NiMnCo)O, films prepared by PVD [81] and PLD [69, 180].
The slight decrease between anodic and cathodic peaks observed after the second cycle
indicates a good structural stability during the lithium intercalation and de-intercalation
processes [181]. This has been referred to by Jacob et al. [69] as a stabilization of the
cathode surface after the first cycles with decreased polarization, reduced side reactions
and better reversibility of the electrode.
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Figure 4.14: Cyclic voltammetry of Li(NiMnCo)O, thin film prepared on Pt at 850°C, 900
mbar with a starting solution of 0.05 moll~! concentration.

The initial electrochemical analysis indicate that the Li(NiMnCo)O,, cathode films prepared
by the nebulized assisted CVD process provides promising properties as to be used in
Li-ion batteries.

4.3 Conclusions

Sputtering parameters for the LiCoO, deposition had a marked effect on the chemical
composition and electrochemical behavior of the material. Results exemplified that the
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best deposition parameters based on composition and electrochemical activity were 50 W,

550°C and 1:1 Ar:0,.

A series of thin films of varying stoichiometry LiNiyMnyCo;_x_, Oy were deposited using
a novel aerosol assisted CVD process applying an ultrasonic nebulized procedure. The
effect of the working pressure and precursor solution concentration on the crystal structure
texture and morphology of the films deposited on silicon wafers has been studied.

Low pressures and concentrations lead to dense films while high working pressures and
precursor solution concentrations lead to more particulate and less dense films. For proper
conditions, the deposition of LiNi; 3Mn;/3C0;,30, thin films on platinum, delivered
polycrystalline films and has proven to be well suited for battery applications with good
cyclability and stability.
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Chapter 5

Degradation study on a LiCoO, model elec-
trode

Electrode/electrolyte interface studies have been carried out for some time. Given that
knowledge about the interface creates the basis for the modeling of surface chemistry
occurring at the electrodes. Nevertheless these processes are complex to characterize and
understand. The final components left on the surface from electrolyte decomposition are
highly sensitive to ambient environment which makes it technically challenging for these
studies to be carried out. XPS is a powerful tool that can reveal information about the
surface chemistry on electrode materials. This chapter looks into the change LiCoQO, thin
film experiences starting from the study of the materials’ surface when it is in contact
with the electrolyte and after cycling in terms of chemical and structural properties.

In this part the active material was deposited in the sputtering chamber and further
transfered for electrochemical measurements, always under inert environment. At this
point questions concerning the nature of the resulting surface layer after battery cycling
arise. Considering that the sample does not see air the only changes occurring at the
surface will involve the electrolyte and the electrochemical cycling.

5.1 Thin film deposition and battery cycling

LiCoO, thin films were deposited on titanium foil (Ti) for 2 h with the RF sputtering
process, 50 W, 550°C and 1:1 O,:Ar. The active thin film material was washed with DEC
solvent or immersed in the electrolyte solution for 1 h, LiPFg in a 1:1 weight ratio of ethyl
carbonate (EC) and diethyl carbonate (DEC), and later washed with DEC. These samples
were transported in a chamber which can be connected to a glove box and to the XPS
analysis chamber to avoid having the sample in contact with air.
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A further XPS analysis was carried out with a cycled LiCoQO, layer. Once the battery was
assembled, i.e. the cathode was set in contact with the electrolyte, separator and anode in
the Swagelok cell, it was left to stabilize for 1 h before the measurement started. After
cycling, the battery was opened in the glove box, where it was washed with DEC solvent.
The sample was later transfered to the XPS analysis chamber in an argon filled transport
chamber. The surface layer was later determined after each electrolyte/solvent exposure
or cycling process.

The films deposited for battery testing were sputtered on Ti foil and were additionally
analyzed with XRD and SEM before and after electrochemical activity. To obtain in depth
morphological characteristics of the sputtered electrodes SEM images were also taken
on films deposited on Si wafer. Electrochemical activity in a Swagelok cell configuration
with LiCoO, film on Ti as cathode, Li metal as anode and the LiPF; (1:1 EC:DEC)
electrolyte, was measured by a cyclic voltammetry (CV) and Galvanostatic cycling with
potential limitation (GC). CV was performed for six cycles between 3-4.2 V at a scan rate
of 0.05 mV/s. GC was measured applying 1 pA between 3 V and 4.2 V. Electrochemical
impedance measurements were performed on the assembled battery before and after the
charge/discharge experiments. EIS measurements were done with a 10 mV AC excitation
signal between 5-10°-0.1 Hz.

5.2 Results

5.2.1 Electrochemical characterization

Figure 5.1 presents cyclic voltammetry results for LiCoO, 200 nm thin film. The electro-
chemical behavior has been discussed in detail previously in Chapter 4. Both oxidation
and reduction processes occurring during cycling are observed, with peaks appearing at
around 3.9 V and 3.8 V respectively, in accordance with values reported in literature for
thin film LiCoO,. The layers present good cycling behavior and the material seems not
to suffer major changes in the structure. There is low hysteresis in the reduction and
oxidation peaks. Nevertheless, while the oxidation peak has only minor decrease in current,
the change in reduction peak is more evident.
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Figure 5.1: Cyclic voltamogram of sputtered LiCoO, thin film on titanium foil from 3-4.2 V.

Figure 5.2 shows the charge and discharge capacity profiles of a LiCoO, thin film after 22
cycles. A steep decrease is observed for the charge capacity after the first cycle. Succeeding
charge/discharge reveals a moderate reduction for both peaks and later stabilization after
the 10th cycle.
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Figure 5.2: Galvanostatic cycling with potential limitation of sputtered LiCoO,, films for over
22 cycles.

The Nyquist plot of the impedance measurements is shown in Figure 5.3. The analysis of

the complex impedance spectra before and after cyclic voltammetry was done and the fits
are also shown in the figure.
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Figure 5.3: Evolution of the impedance spectra of a Li/LiPFy (EC:DEC)/sputtered LiCoO,,
thin film before and after 6 cycles of cyclic voltammetry measured in a Swagelok configuration.
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The fits were done using a simple equivalent circuit, from which the resistances R obtained
for before and after battery cycling are 2.7 and 7.8 kQ, respectively. These results indicate
how the initial resistance observed significantly increases after electrochemical cycling.

5.2.2 Structural properties after cycling

Figure 5.4 presents the SEM images for top and cross section views of bare LiCoO, layers
prepared on silicon wafer. The presence of a dense film composed of uniform micro-
crystallites relates to typical LiCoO, results found of similarly prepared and reported
samples [166, 168].

C))

Figure 5.4: SEM images, (a) top and (b) cross section view of LiCoO, thin film sputtered on
silicon wafer.

SEM images presented in Figure 5.5.(a) shows a film deposited on titanium foil, which
is the substrate used for electrochemical testing. In this case the macroscopic features
observed resemble these of the substrate and are different from the layers deposited on
silicon. Voids and cracks related to the titanium foil are observed. The average primary
particle size is between 10-20 nm. The SEM image seen in Figure 5.5.(b) corresponds
to the cycled LiCoO, showing how the average particle size does not vary. From these
pictures no evidence of changes related to stress, loss of material or cracks due to cycling
is observed.
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Figure 5.5: SEM images of (a) as deposited and (b) cycled LiCoO, thin film sputtered on
titanium foil.

The XRD pattern measured after electrochemistry and in fully discharged state was
performed to have an overview of the re-intercalated material compared to the initial
layered oxide. XRD patterns of LiCoO, films before and after cycling are shown in Figure
5.6. For both cases layers present reflections from (0 0 3) around 18.8° (1 0 1) and (0 1 2)
planes observed between 37°-39°.

The intensity of the (0 0 3), (0 0 6) and (0 1 2) peaks increase while (1 0 1) and (1 0
4) decrease upon battery charge/discharge cycling. Moreover, after electrochemistry, the
diffraction pattern shows broadening of the LiCoO, peaks and the appearance of peaks at
19.1°, 31.3°, 36.9° and 44.9° corresponding to Co;0, [182].
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Figure 5.6: XRD pattern of LiCoO, before and after galvanostatic cycling.

Xia et al [75] showed how the roughness of the substrate influenced the final morphology
of the deposited LiCoO,, thin film. They compared samples presenting coarse and rough
morphology and associated these features to a lack of crystallinity. The CV measurements
done with these films presented broad features with anodic and cathodic peaks separation.
Iriyama et al also confirmed this and observed bigger separation of the CV peaks when
compared to mainly (0 0 3) oriented grains [183].

The main point is that the electrochemical properties of the layers are seen to be strongly
affected by the micro structure and the surface morphology of the films. This is because
the lithium ions diffusion occurs through the grains and grain boundaries of the material.

Now, when a layer is randomly oriented it will present more channels, and because of
this, more surface area. In this way, when a film presents a preferred orientation the ion
transport will be through the grain boundaries.

Bates et al have explained how the ion transport is less favored for a (0 0 3) preferred
orientation compared to the parallel (1 0 0) or (1 0 4) texture. They also found a loss
of capacity following the first cycle due to the loss in Li sites available which is due to a
strain induced cell resistance increase. Kim et al have later mentioned how the fact of
having a (0 0 3) preferred orientation will give structural stability during charge-discharge
processes and that due to this, only a very small internal resistance should be expected,
contrary to a randomly oriented films [84].
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The Investigations done on the changes of the crystal structure with in situ XRD experi-
ments have shown how the well crystallized HT-phase remains after cycling until 4.2 V,
which is not the case observed here [183-185].

The polycrystalline morphology seen with SEM and the apparent changes observed in the
XRD measurements performed in the present investigation, indicate that initial mixed
texture of sputtered LiCoO, allows a good voltammetry cycling for first cycles due to the
favored lithium diffusion. However with extended charge/discharge cycles the benefits
from the mixed texture are exceeded by the effect of the lowering of crystallinity due
to repeated intercalation and loss of active material (formation of Co;0,) resulting in a
capacity loss, as observed in the GC Figure 5.2 [62,183-185].

5.2.3 Surface chemistry analysis for LiCoO, thin films

The XPS experiments developed to characterize the surface chemistry of the cathode
material after galvanostatic cycling are shown here. After electrochemical testing, batteries
were carefully disassembled in an argon filled glove box, where the cathode was recovered
and further washed with DEC. The samples were transported to the XPS chamber in a
transfer box to avoid contamination from the environment on the surface.

As deposited LiCoO,

Figure 5.7 presents the Li 1s, Co 2p and O 1s core peaks for sputtered LiCoO,, thin films
prior to electrochemical cycling. The Co 2p spectra shows main emissions at 779.6 eV
(2p3/2) and 794.6 eV with a corresponding satellite separation of 9.8 eV (2p;,2). The
oxygen O 1s has a strong peak at 529.3 eV, while the Li 1s region has a main emission at
54.1 e€V. These spectra show the well defined photoelectron emission lines corresponding
to stoichiometric LiCoO, compared to literature reports 7,14, 164, 186].

Li 1s Co2p O1s
I 5I6 I 5I4 I 5I2 I I S(IJO ' 7é0 ' 7EIB0 l 51I34 I 51I31 I 558 I 555
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 5.7: Li 1s, Co 2p and O 1s XPS spectra of a sputtered LiCoO,, thin film as deposited
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5.2.3.1 Effect of the electrolyte set on the cathode surface

It is a known fact that the surface layer formed on the cathode material has a marked
effect on the battery performance [11,20,141].

Deposited LiCoO, thin films were either washed in solvent (DEC) or soaked in the
electrolyte mixture (LiPFy 1 M, EC:DEC 1:1) (with further washing with DEC as done
for the previous sample). The results of the XPS measurements are shown in Figure 5.8.

The photoemission of Li 1s, Co 2p and O 1s spectra from both samples, soaked-washed and
washed, are similar. The emissions from lattice Li, O and Co seem to remain unaffected for
the washed sample. The Li 1s region in this case shows the peak at 54.3 eV from LiCoO,
with a small shoulder at 56.2 eV related to a small and unavoidable fluorine contamination
in the glove box.

Co2p

”/\J-—"j\_ /\/L LiCoO, soaked-washed
LiCoO, soaked-washed LiCoO, soaked-washed
LiCoO, washed

N\

_ LiCoO, washed
LiCoO, washed

Intensity (a.u)
Intensity (a.u)
Intensity (a.u)

LiCoO, as deposited

LiCoO, as deposited

-

T T T T T T T T T T T T T T T T T T T T T T 1T T 177 T
810 800 790 780 770 534 532 530 528 526 58.0 57.0 56.0 55.0 54.0 53.0
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

LiCoO, as deposited

Figure 5.8: XPS spectra for the Li 1s, Co 2p and Ols core levels of LiCoO, thin film sputtered
on titanium foil after LiPF; (EC:DEC) electrolyte soaking and/or washing with DEC.

The Co 2p spectra for these two samples present the same features as the as deposited
layer, with emissions at 779 eV and 795 eV with satellite separation of 9.9 eV. But for the
soaked sample a small increase in satellite emission (AEg= 6 ¢V) is observed, which can
be associated to the formation of Co?*.

On the other hand, the oxygen peak shows some variation. Compared to the initial material
the main component coming from the lattice oxygen, detected at 529.6 eV, has now a
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shoulder at higher binding energies, 531.4 eV, which can be assigned to carbonates CO;%*~
and new oxygenated species at the surface. Nevertheless, a more important presence
of oxygenated species at the surface of soaked-washed samples is seen compared to the
washed. The main differences between these two samples comes from the inorganic species
from the salt and the Co peak showing a difference in the shoulder shape.

[F 1s] C1s P2p
; ; ; LiCoO, soaked-washed
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7 7 ‘D
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2 2 2
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LiCoO, washed
LiCoO, washed
LiCoO, washed
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Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 5.9: XPS spectra for the F 1s, C 1s and P 2p core levels of LiCoO, thin film sputtered
on titanium foil after LiPF;(EC:DEC) electrolyte soaking and/or washing with DEC.

The C 1s, P 2p and F 1s XPS spectra are presented in Figure 5.9. The C 1s line exhibits
peaks at 285.0 eV, 286.5 eV and 288.9 eV from aliphatic, CO and COO compounds.

The presence of the small fluorine contamination on the surface of the sample may be
caused by the formation of LiF derivatives. Nevertheless, the soaked-washed surface
exhibits an important presence of several fluorinated components. The F 1s peaks observed
at 685.3 and 688.0 eV can be assigned to LiF and other Li,PF, components respectively.
This is correlated with the P 2p spectrum of the soaked-washed samples and not seen
in the washed sample. Altogether this is a proof that there are species arising from the
degradation of the LiPF salt on the soaked-washed sample that are not present on the
only washed sample.

The spectra of the sample that was soaked in the electrolyte shows key differences in the
LiCoO, layer when compared to the washed sample. On one side the Li peak presents
an extended profile related to the appearance of LiF, while the lithium from the LiCoO,
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lattice decreases. The O 1s shows a broader component at higher binding energies when
compared to the washed sample. The peak features evidence an important presence of
oxygenated compounds.

5.2.3.2 Surface analysis of cycled electrodes

In Figure 5.10 the XPS data of a cycled LiCoO, sample are shown. According to the XPS
analysis, the surface recovered layer is composed of Li, Co, O, C, F and P elements. Figure
5.10 presents Co 2p, O 1s, Li 1s, C 1s, F 1s and P 2p spectra of the recovered LiCoO,
layer from the battery which appear very different from the ones observed for the pristine
electrode (Figure 5.7). A summary of the peak assignment is done in Table 5.1, based on
experimental data obtained in this work and findings reported in literature [8,140, 141].

After cycling, the Li 1s spectrum presents two new components. The supplementary
components with higher binding energies compared to the lattice lithium from the electrode
is related to the presence of fluorinated lithium compounds, LiF and LiPFy, at 56.0 and
56.6 eV respectively.

The Co 2p is quite weak and is only observed in a low extent on the surface given the
high signal to noise ratio. The shape of the emission shows a slight change in the shapes
of satellite peaks in reference to the main peak when compared to the starting material.
Nevertheless the rough estimate still indicates that cobalt is mostly present with oxidation
state 3+. A modified intensity in the satellite features indicate in addition an increased
contribution of Co?*.

The O 1s signal presents two peaks at 529.4 eV and 532.7 eV corresponding to the lattice
oxygen and other carbon-oxygen containing species CO;%" at higher, and COO and CO
at lower binding energies.
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Figure 5.10: Li 1s, Co 2p and O 1s spectra of the recovered LiCoO, surface after electrochemistry

The C 1s peak shows the existence of multiple components. The spectra is composed by a
component at 285.2 eV attributed to the presence of aliphatic carbon chains. Components
at 287.0 eV and 288.7 eV are attributed to polymeric units containing C-O bonds. The
last component at 290 eV reveals the presences of carbonate species.

The P 2p signal is quite low, however, it has an extended profile around 135 eV which
may indicate the presence of intermediate fluorophosphate species from the degradation
of the electrolyte’s salt. On the other hand the strong F 1s peak shows the presence
of two components at 685.6 and 686.8 eV. These peaks are assigned to LiF and LiPF/
fluorophosphate intermediates, in correspondence to literature reports and to the Li 1s
spectrum found before galvanostatic cycling.

Some reports show how cycling was found to help the surface chemistry to develop [14,20,97].
Reactions observed include oxidation of solvent (EC) or ring opening polymerization which
is catalyzed by a nucleophilic mechanism that occurs spontaneously involving electron
transfer without the need of cell charging. These spontaneous processes were studied
by Wang et al. with gas chromatography and mass spectroscopy, and showed how even
without electrolyte salt, LiCoO, has strong reactions with mixture of EC/DMC [190].
Additionally, salts which are part of the electrolyte are also found to participate in the
surface layer formation [97].

The presence of species containing C, F and P elements on the surface shows how the
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Table 5.1: Chemical composition of LiCoO, cathode after battery cycling. [4,5,7,9,97,140, 141,
187189

Peak BE (eV) Assignment

Co2p 779.7 LiCoO,
786.8 sat 11+
789.8 sat 111+
F 1s 685.5 LiF
686 LiPF

687.7-688.4 Fluorinated alkanes

O 1s  529.3-530 LiCoO,
531-532,7 Oxygenated compounds
533-534 Polycarbonate

Cls 285 Aliphatic
286-288 CO/ COO
289-290 CO3~

P2p 133.5-133.9 LiPON /PO3~

134.9 PO,F,
136.7 LiPF,
Lils 53.8 LiCoO,
56.0 LiF
56.7 LiPF,, Li,P,OF,

decomposed and intermediate species from the electrolyte are present on the cathode
surface and remained after the films were washed with DEC electrolyte. Therefore, it is
possible to establish that the signal from the initial cathode material is quite low and
evidences the formation of a cover layer mainly based on inorganic compounds from the
salt and some organic coming from the solvent.

The formation of LiF has been associated to two main reasons. One is the instability of the
LiPFy salt which decomposes and forms LiF and PF, while the second is the hydrolysis
of LiPFy generating HF (Reaction 5.1-5.3) and further reaction with the transition metal
oxide. Reactions 5.2 and 5.3 show the proposed mechanisms of LiF formation by salt
decomposition and reaction with cathode.

H,O + LiPF; — HF + LiF + POF, + 2 HF (5.1)
LiPF, — LiF + PF, (5.2)
LiCoO, 4 2xHF — 2xLiF + Li, , CoO, (5.3)

As Andersson et al suggested, for similar transition metal oxides, Reaction 5.3 will produce
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LiF as part as the surface layer adjacent to the active cathode material, while Reaction 5.2
will produce LiF randomly [187,188]. These findings, and their correlation with an increase
in cell impedance (Figure 5.3), can be attributed as well for the case presented here, since
LiF layer on the cathode material is highly resistive to lithium ion migration [11,141].

Some groups attribute the reactions occurring coming from an electrophilic attack from
the Lewis acid PF; which reacts with carbonates and leads to polymerization [97, 187].
Andersson et al have also proposed possible reactions occurring at the surface as an
electrophilic attack from the lewis acid mainly due to the instability of LiPF salt and that
will further react with cyclic carbonate (EC) and favors polymerization [187]. Liu et al.
have reported the presence of ROCO,Li, ROLi and Co;0, as products on the spontaneous
reaction of nano-sized LiCoO, and DMC. They conclude how, for the case of DMC, the
reduction of solvents enhance the production of the surface layer [189].

The Co 2p spectrum on soaked-washed sample has overall the same features as the washed
sample and initial LiCoO, sample. It presents a broader emission around 789 eV with
two satellite peaks with difference of 6 eV and 10 eV. The appearance of the satellite
at 786 eV and the broadening of the main emissions indicate the presence of Co*" in
the surface [7,164]. Reports state that oxygen deficient lattices induces the formation
of Co?*, which has a smaller difference in binding energy than Co3" [164]. Yamamoto
et al carried out X-ray Absorption Spectroscopy experiments on immersed LiCoO, in
LiClO, (1:1, EC:DEC) electrolyte [40]. They found that the surface undergoes reduction
and further non-reversible changes in the electronic structure upon electrolyte immersion.
This surface instability is due to the increased concentration of transition metal anti-site
coupled to the formation of a reaction layer. The creation of these defects was found to
depend on the concentration and chemical potential of both Li and Co, which involve the
actual amount of Li and Co participating in the reaction that forms LiCoO, [191]. Hoang
and Johannes have found how the defect formation energies are sensitive to the Co:Li ratio
and in this way explain the presence of Co?" ions. For the case of the experiments shown
here, the presence of fluorinated salts enhances the reactions with the active material, and
specially with the oxygen present in the lattice, as reflected by the decreased amount of
these species on the surface [191].

When comparing to both soaked-washed, washed and cycled samples, there are in general
similarities in terms of organic and inorganic components forming the surface layer. It
is evident that once the active material is set in contact with the electrolyte several
simultaneous processes occur.

The first process involves oxygen from the lattice giving an oxygen deficient interface
layer that will then promote the reduction of Co atoms and a creation of space charge
layer. This was proposed recently by Yamamoto et al where a study with total-reflection
florescence X-ray absorption spectroscopy (TRF-XAS) analyzed the electronic structure of
the electrode-electrolyte interface [40].
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The second process involves the reaction and deposition of lithium containing species that
may consume Li from the active material. The fact that after cycling the remaining surface
layer contains mainly inorganic species coming from the electrolyte that are actually
deposited on the active materials indicates that cycling favors the second process even
more. The creation of a surface layer with increased impedance coming from the two
processes affect the overall performance of the material and decrease capacity.

The overall processes present after contact of the electrode material with the electrolyte
and/or after cycling were observed with the set of XPS experiments. When the samples
are soaked there are more organic species seen than after CV evidenced by the estimation
of carbon containing species related to each sample, around 14% for soaked and 9% after
CV. This is a clue of the influence of electrochemical reactions and transport phenomena
which enhance the movement of decomposition species. When the films are soaked the
reactions take place on the surface and the material is covered. The possible presence of
small amounts of water in the electrolyte solution will contribute to formation of highly
resistive species and oxygenated chains that are seen on the soaked and washed layer in
higher proportion. In this way it is possible to say that the formation of the surface layer
is enhanced by the electrolyte water contamination and the absence of current allows these
species to react and deposit on the active material.

5.3 Conclusions

SEM and XRD results showed how the LiCoO, sputtered layers have initial mixed texture
and additional good voltammetry cycling for first cycles due to the favored lithium diffusion.
Extended charge/discharge produces lowering of crystallinity due to intercalation processes
and loss of active material (formation of Co;0,) resulting in a capacity loss.

Washing and soaking the electrode material in the electrolyte and solvent shows that
surface reactions start from the first contact. The formation of a surface layer from these
processes occur with organic components from the solvent and inorganic form the salt.

LiPF has a very important effect since it can decompose and form HF which reacts with
carbonates and forms highly resistive LiF salt on the surface, which induces the increase
in interface resistance observed with EIS measurements.

The remaining surface layer is mainly carbonated species and some inorganic components.
The carbon compounds found correspond to reactions from the EC solvent while the LiPF|
salt forms LiF and other Li,PF, compounds, to a lower extent.

The surface chemistry of the layer formed on LiCoO, after cycling is based mainly on
decomposed species from the electrolyte deposited arising from carbonated and fluorinated
species.
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Soaking the sample for a short time results in the deposition of a surface layer on the active
material composed of organic compounds related to the solvent. Contrary, electrochemical
cycling favors the formation of inorganic species from the salt on the cathode surface.
On one hand the electrolyte salt starts decomposing and may induce further reactions
generating intermediate species, that with any possible water trace, that can enhance
polymerization of solvent and formation of other products.
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Chapter 6

Artificial surface layers for the LiCoO, cath-
ode

As was reviewed in Chapter 2 and observed in Chapter 5, the formation of a surface layer
on bare LiCoQ, is occurring from the first contact of the material with the electrolyte. The
composition of these films were determined for the sake of elucidating what components
are present on the electrode-electrolyte interface after electrochemistry, and how this can
be associated to the battery performance.

Coating of the cathode material in known for improving electrochemical behavior [27,30,
148]. Research has proven how coatings suppress phase transition, improve structural
stability, and decrease disorder of cations in crystal sites by preventing cathodes to be in
direct contact with the electrolyte. Additionally, modifying the electrode was found to
help suppress the relative release of oxygen that leads to instability [144,192]. Among the
studies performed on coating procedures for cathode materials several questions remain
unsolved. The stability of metal oxides in non aqueous electrolytes, specially with corrosive
acids like HF in LiPFy based electrolyte have, can be reduced and a further formation
of surface fluorides can be expected [193]. Additionally, the preparation of uniform and
robust coatings may be difficult and carry with extra process costs [193]. ZrO, and
LiPON have successfully shown significant improvements when applied to thin film active
materials [24,27,148]. These studies have focused on the electrochemical behavior of
coated cathode material. Nevertheless new/different processes are expected to take place
at the electrode-electrolyte interface when an artificial surface layer is generated by coating.
Thus, this chapter focuses on the XPS analysis of the artificial surface layers created on
LiCoO, by a thin sputtered ZrO, or LiPON layer. The results are set in relation to the
electrochemical behavior of each case studied with additional morphology and structure
investigations with SEM and XRD.
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6.1 Experimental

LiPON and ZrO,, thin films were prepared using rf magnetron sputtering. The chosen
deposition parameters where determined after a series of screening electrochemical experi-
ments with different coating thicknesses. Table 6.1 summarizes the deposition parameters
used for ZrO, and LiPON films. Thin layers of ZrO, or LiPON were either deposited onto
silicon substrate for standard material characterization, or on a 200 nm layer of standard
LiCoO,, which was prepared on titanium foil at 50 W, 550°C and 1:1 O,:Ar. Both coating
materials were deposited by reactive sputtering with a mix of gases (O,:Ar) for ZrO, from
a metallic Zr target, and pure N, with a crystalline Li;PO, target for LiPON.

Table 6.1: Deposition parameters for the rf Sputtering of LIPON and ZrO, thin films. (*Tem-
perature was not controlled in these depositions)

Material LiPON | ZrO,
rf Sputtering Power (W) 40 40
Pressure (mbar) 81073 | 81073
Gases N, O,:Ar
Gas Flow (sscm) 10 9.5:0.5
Temperature (°C) * 300
Target-sample distance (cm) 5.5 4

By combining XPS quantification and profilometry measurements, the thickness of the
ZrO, and LiPON thin film coating was approximately calculated to be 2 nm and 26 nm,
respectively, with an uncertainty of 10% [153].

A series of in-situ deposition and electrochemical experiments, cyclic voltammetry (CV)
and galvanostatic cycling with potential limitation (GC), were done on the coated LiCoO,
layers. Swagelok cells were prepared using Li metal as anode, LiPF; in EC:DEC (1:1)
as electrolyte, and the coated LiCoO, as cathodes. CV experiments were performed
between 3-4.2 V at a scan rate of 0.05 mV /s and the GC experiments were done applying
0.01 pA between 3-4.2 V for both charge and discharge processes for at least 20 cycles.
Subsequently, XPS measurements were performed on recovered cathode thin films, which
were washed with DEC solvent and transported under inert atmosphere from glove box to
the analysis chamber.
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6.2 Results

6.2.1 Coating characterization

SEM and XRD were additionally employed to analyze coating layers. As a first step,
thick layers (150 nm ZrO, and 200 nm LiPON) were deposited on silicon substrate for
morphology, composition and crystallinity determination.

The SEM images of thick sputtered layers of ZrO, and LiPON are shown on Figures 6.1
(a) and (b) respectively. Both materials deposited on silicon substrates present formation
of small grains in the layer. The grain size present in ZrO, appear to be smaller than
the ones in the LiPON layer. Nevertheless the quality of the SEM images does not allow
further evaluation.

CREMEM

(a) (b)

Figure 6.1: SEM images of (a)ZrO, thin film (150 nm) and (b) LiPON (200 nm) sputtered thin
films on silicon substrate.

Figures 6.2 shows the XPS spectra of Li 1s, P 2p, O 1s and N 1s core levels of sputtered
thick LiPON on silicon substrate. The surface composition of the layer was Li; 3PO5 4Ny
quantified by XPS. The Li 1s appears at 57.8 eV and P 2p at 135.6 eV. N 1s and O 1s
present broad peaks between 397-400 eV and 531.4-532.4 eV respectively. Details on these
features are addressed in Chapter 7. The composition obtained presents less Li and more
N than other sputtered LiPON thin films reported [34,194].
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Figure 6.2: XPS of a LiPON (200nm) layer.

The XPS spectra of Zr 3ds/2—3,2 and O 1s for a thick ZrO, layer, deposited on silicon
wafer, was also measured. Results are shown in Figure 6.3 evidencing typical features for
a metal dioxide layer, with O 1s at 529 eV and Zr 3d doublet at 181.6 eV and 183.9 eV.
The surface composition determined by XPS is ZrOg 3.

O1s Zr3d

534 532 530 528 526 190 188 186 184 182 180 178 176
Binding energy (eV) Binding energy (eV)

Figure 6.3: XPS of a thick ZrO, (150 nm) layer.

6.3 Coated LiCoO,

SEM images of ZrO,- and LiPON coated LiCoO,, are shown in Figure 6.4 (a) and (b). The
main effect of the thin coating on the active material is the smoothening of the sharp edges
of the LiCoO, crystallites. This effect appears more pronounced in the case of ZrO, coating,
nevertheless it appears to be an inhomogeneous coverage, possibly related to the very thin
nature of layer (2 nm). LiPON on the other hand seems more homogeneously distributed
over the active material as was observed for similar layers reported in literature [195].
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Figure 6.4: SEM images of (a)ZrO,- and (b) LiPON- covered LiCoO, thin films deposited on
titanium foil.

6.3.1 Electrochemistry of coated LiCoO,

Figures 6.5 (b) and (c) show the cyclic voltammetry curves for cycles 1 and 5 of LiPON-
coated and ZrO,-coated samples respectively, compared to the uncoated layer, Figure
6.5 (a). Coated LiPON layer presents broader cathodic and anodic peaks compared the
uncoated layers different from what Song et al observed for the first two cycles [24] in
LiPON-coated (3 nm) and uncoated LiCoO, films [24,196]. They have employed a thinner
LiPON coating which shows a faster transfer kinetics than the one used here (26 nm),
which could be reason for the higher current peak observed by them. On the other hand,
the ZrO, coated layer shows similar decreased current and broadening as the ones prepared
by Takamatsu et al for over 180 s deposition [28]. From the CV curves it is possible to
conclude that, at least for short cycling, ZrO, coated cathode is slightly more stable.
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Figure 6.5: Cyclic voltammetry of cycles 1 and 5 of (a) bare LiCoO, compared to (b)LiPON-
coated and (c)ZrO,-coated layers.

Figure 6.6 compares the effect of each coating on the discharge capacity. Results show
how LiPON has initially a higher discharge capacity than ZrO, coated sample. However,

over the first 20 cycles both systems seem to stabilize towards the same discharge capacity
value.
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Figure 6.6: Galvanostatic cycling results for sputtered uncoated LiCoO,, ZrO,-coated 5 min (2
nm) and LiPON-coated 15 min (26 nm) deposition.
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Figure 6.7 presents XRD patterns of bare and ZrO,- and LiPON- coated LiCoO,. The
patterns of coated layers show no significant difference when compared to the bare LiCoO,.
It is possible to say that the thin layers on the cathode have no effect on the crystal
structure nor formation of any detectable additional phase.
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Figure 6.7: XRD of sputtered ZrO, coated LiCoO,, layers before and after coating. *Interrupted
signal observed during spectra acquisition.

6.4 XPS surface layer study of ZrO,- and LiPON-
modified cathodes.

6.4.1 Initial surface layers

As in literature the term used for Solid Electrolyte Interphase is referred to the negative
electrode, in the following sections the new interface created by thin film coating deposition
will be called artificial surface layer to avoid any confusion for the reader.

As a first step, XPS measurements were done on the coated layers to obtain reference
points for binding energies and initial components present on the artificial surface layers.
Figures 6.8 presents the XPS spectra obtained for the ZrO,- and LiPON- coated LiCoQO,,
thin films for corresponding Li 1s, Co 2p, O 1s, P 2p, N 1s and Zr 3d core levels. The
stacked spectra are meant to have a comparison between coated and uncoated LiCoO,.
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The artificial surface layer observed for the LiPON coated layer has components with
similar characteristics as the thick LiPON discussed before (Figure 6.2). The artificial
layers are composed of Li 1s, O 1s, P 2p and N 1s showing particular features of a LiPON
thin film with overall composition Li; 3P0 9Ng3. The newly formed surface layer presents
only LiPON and no presence of LiCoO, components. Nevertheless an apparent oxygen
deficiency is observed.

As the sputtered LiPON layer is thicker (approx. 26 nm) than the ZrO, layer (approx. 2
nm), the signals of the cathode material are not observed, which is not the case for the
thin ZrO, coating.

The artificial surface layer from ZrO, coated LiCoQO, is composed of Li, Co, O, and Zr.
The direct relation between the Co 2p, Li 1s and O 1s indicate that effectively the layer
is made of a mixture of LiCoO, and ZrO,. Li 1s seen for the ZrO, coated layer can be
attributed to presence of lattice lithium in the pristine material. The O 1s shows as well
the main featured for LiCoO, and ZrO,, peaks at 529 eV and a small shoulder for surface
oxygen. Co 2p signal is quite low, nevertheless it is possible to see the broadening of the
main emission and the appearance of a small shoulder at AEg= 6 eV, satellite related to
Co?*. On the other hand, O 1s has no main differences since both oxygen from the oxides
have similar binding energy and seem to overlap to form a broader peak. It is important
to note that also in this case there is oxygen deficiency on the newly formed artificial
surface layer.

Summing up, the characterization of the initial surface layers showed that the thin layer of
ZrO, give a reaction layer between the active cathode and the metal oxide. On the other
hand, and given that the LiPON layer is thicker, all features present in the new surface
layer corresponds to the coating.
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Figure 6.8: Li 1s, Co 2p, O 1s, P 2p, N 1s and Zr 3d core level spectra of initial surface layers
formed after sputtering ZrO, or LiPON. Comparison made with uncoated LiCoO,.

6.4.2 Surface layers after electrochemistry

The set of XPS experiments shown before were used to characterize the surface layers
formed of coated films after galvanostatic cycling. The electrodes were recovered from the
battery and washed with DEC. This procedure was executed in an argon filled glove box
from where the sample was later transported to the XPS chamber in a transfer box to
avoid having contaminations on the surface.

The surface chemistry of the recovered coated cathode materials after electrochemistry are
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based on Li, Co, O, Zr and N with additional C, F and P elements. The Li 1s, O 1s, Co
2p, C 1s, F 1s and P 2p spectra of coated and uncoated LiCoO, are shown in Figure 6.9.
Zr 3d and N 1s core peaks of ZrO,- and LiPON-coated LiCoO, thin film, before and after
galvanostatic cycling are shown in Figure 6.10. The data of XPS analysis are summarized
in Table 6.2.
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Figure 6.9: Li 1s, O 1s, Co 2p, Cls, F 1s and P 2p core peaks of uncoated, ZrO,- and
LiPON-coated LiCoO, thin films after galvanostatic cycling.
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Figure 6.10: Zr 3d and N 1s core peaks of ZrO,- and LiPON-coated LiCoO, thin film, before
and after galvanostatic cycling.

6.4.2.1 ZrO, coating

Given the mixture of cathode and the coating layer on surface layer, the XPS spectra of
ZrO,-coated and bare LiCoO, present many similarities. As seen on Chapter 5, the Co 2p
core peak for cycled LiCoO, shows the presence of a small amount of Co?" ions proven by
the presence of the satellite peak at 786 eV and also XRD measurements. It is possible to
see this feature for the cycled ZrO, coated layer as well.

The O 1s core peak of the ZrO, coated sample displays a profile of at least three peaks.
At lower binding energy, around 529 eV, the peak may be assigned to the oxygen from
the crystalline network. At higher binding energy, peaks at 532.4 eV and 534.0 eV can be
related to the oxygenated species present in the surface layer formed with GC.

The Li 1s spectrum consists of two components. The first at 53.7 eV is attributed to
lattice Li from LiCoO, and the second at 56.3 eV corresponding to LiF.

The C 1s spectrum has four components. Hydrocarbons and aliphatic carbon appear at
lower binding energies, 285.4 ¢V, while at higher binding energies, components at 287.3,
288.7 and 290 eV may be assigned to C-O, COO and COj like carbon environments [14].

The F 1s signal can be associated to what was observed on the Li 1s spectrum since it
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Table 6.2: Chemical composition of the ZrO,- or LIPON- coated LiCoO, cathode after battery

cycling.

Peak Eg(eV) Assignment
Co 2p 779.7 LiCoO,
786.8 sat 11+
789.8 sat 111+
F 1s 685.5 LiF
686 LiPF
687.7-688.4 -
O 1s 529.3-530 LiCoO,
531-532,7 Li,COg4
533-534 Polycarbonate
N 1s 399.4 LiPON (Nd)
397.9 LiPON (Nt)
402 LiPON surface
Zr 3d 182.6 ZrO,
184 Zr0O,

187.2
P 2p 133.5-133.9 LiPON /PO,3~
134.9 PO,F,
136.7 LiPF
Li 1s 53.8 LiCoO,
55.3 LiPON
56.3 LiF

presents a very intense peak at 685.7 eV which corresponds to LiF and another weak peak
at higher binding energies related to salt compounds of the type LiyPyF,. The presence
of products of salt decomposition containing phosphorus can be seen as well on the P 2p
spectrum appearing at 135 eV with additional fluorophosphate Li,P,OF, which have a
higher binding energy, at 136 eV. The Zr 3d spectrum obtained, (Figure 6.10) shows a
shift from the initial doublet towards 182 eV and 185 eV, with an additional component
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appearing at 187.1 eV.

6.4.2.2 LiPON coating

As the initial surface layer, the XPS analysis showed that the cycled layer is composed of
Li, P, O, N, C and F.

The Li 1s spectrum of the cycled LiPON coated LiCoO, film evidenced the presence of LiF
and lithium fluorophosphate species Li,PyF,. However, a quantification of these species
showed that the amount of the fluorine compounds present in the LiPON-coated are less
compared to the uncoated LiCoO,. The highest intensity component is nevertheless the Li
from the coating (LiPON) appearing at 55.5 eV. O 1s core peak presents the typical ratio
as for LIPON with an additional small presence of oxygenated species at higher binding
energies. One of the most important features observed for these layers is the inversion
of the ratios of N 1s spectrum components, as it is seen on Figure 6.10. In this case the
different shape observed serves as an indication that surface reactions are occurring at the
interface layers with the electrolyte during electrochemical activity. The P 2p peak shows
a more important presence of phosphates on the layer after electrochemistry, therefore
suggesting that the newly formed layer results in inorganic components involving the
electrolyte salt, phosphates and nitrides.

The O 1s spectrum of cycled ZrO, sample presents a larger emissions coming from
oxygenated species with C-O bonds compared to LiPON coated and uncoated samples.
This is also seen in the C 1s peak, which evidences more polymeric units in the ZrO,-
coating compared to the LiPON coated LiCoQO,, but less than for the uncoated sample.
There is an additional Li 1s component appearing at higher binding energies attributed to
LiF. These two findings agree with what was found for the uncoated layers (Chapter 5),
where large amounts of LiF salt is associated with the formation of polymeric chains. The
surface layers reported in literature until now show degradation products from electrolytes,
as for example LiPFy and will form an organic/inorganic layer mainly with carbon, lithium
and oxygen. As seen by Aurbach et al [140], a main component of the surface layers on
different cathode materials are Li,CO,; with ROCO,Li and polycarbonate species. The
results found for the ZrO,-coated sample showed how this surface presented the highest
amount of carbon which was evidenced by the significant aliphatic peak when compared to
LiPON-coated and uncoated samples. A possible reason is the presence of reduced Co**
and an oxygen deficient layer formed after the thin ZrO, layer is sputtered, as seen on
the Co 2p spectrum from before cycling (Figure 6.8). This surface layer may favor the
nucleophilic reactions with the alkyl carbonate in the electrolyte as reported by Aurbach
et al. [140].

Nevertheless, the overall impression is that this layer does not serve as an homogeneous
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shielding coverage which confirms the morphology results obtained with SEM imaging.
Thus an inhomogeneous film may create gaps where the Li ions will migrate but at the
same time it will give space for the reactions at the electrode-electrolyte to occur. Reports
from Kim et al. on ZrO, -coated spinel electrodes presented improved electrochemical
stability due to the lack of electrochemical reactions between coating and electrode, as well
as the high porosity of the ZrO, with holds HF and H,O from the electrolyte, minimizing
the solubility of the spinel electrode. This is in accordance with the XPS results presented
here, since the surface layer is mainly containing inorganic species, those related to salt
decomposition products which may be trapped in the ZrOy porosity [147].

XPS analyses showed how both coatings have a different surface composition. The fact
that the charge/discharge capacity for the 22 first cycles of both coating samples result
at the same value may indicate that these two systems have similar efficacy even though
their natures are inorganically (for ZrO,) and organically based (for LiPON).

6.5 Conclusions

The protection mechanism and enhanced capacity retention for the first cycles was found
to be related not only to the creation of a physical barrier which isolates the cathode
material from the electrolyte, but also on the formation of a surface layer generated by
chemical reactions between the coating-layer (created on LiCoO, from coating preparation
by sputtering) and the electrolyte. These artificially created surface layers presented
particularities based on the chemical composition of the coating and thickness.

The artificial layer founded on ZroO, gave an inhomogeneous coverage of the LiCoO,
surface, producing two main effects on the cathode; i) formation of reduced Co** ions, and
ii) generation of an oxygen deficient surface. This second point may facilitate nucleophilic
reactions with the electrolyte, which is evidenced by the significant amount of oxygenated
and polymeric species compared to LiPON-coated and uncoated. The amount of salt
decomposition compounds observed are more than for LiPON, but less than for LiCoO,.
The resulting surface layer has mainly an inorganic nature.

A different scene is observed for the LiPON-coated LiCoO, thin films. Opposite to the
Zr0O,, and since the coating layer before electrochemistry was exclusively LiPON, the
composition of the layer obtained after cycling was significantly different, mainly LiPON
related species, arising from the reaction of P and N with the salt components and with
the electrolyte compounds, respectively.

Both coatings present a significantly different surface layer, mainly related to the original
nature of the coating. On one hand the ZrO,-coated cathode showed inorganic species,
while the LiPON-coated cathode evidenced a more organic nature.
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Chapter 7

Structural study on lithium phosphorus oxyni-
tride LiIPON thin films

Glassy ion conducting oxide films have properties that are appealing for advanced techno-
logical applications. The importance of developing these materials as thin films is seen
from recent advances in solid state electrochemical applications. Given the electrochemical
stability and ionic conducting properties that lithium phosphorus oxynitride (LiPON)
presents, it serves as a good option to be implemented as amorphous electrolyte in all
solid state lithium ion batteries, for example.

The techniques used to produce thin film glassy oxides include evaporation, pulsed
laser deposition (PLD) and sputtering. Studies show that these preparation methods
give materials with different properties and chemical compositions. For LiPON there
is a wide range of compositions that can be obtained from rf sputtering. Reports on
thin films show values of Liy;_37P0s9 38Ng2_o7 done by Dudney et al. [32,35], and
Liz6-35P019-38Ng1-13 by Fleutot et al. [42], for example. Even though many studies
have focused on the effect of deposition parameters on the final properties of the material,
there is still no general agreement [31,42,44,45,129,130,133,197,198].

Additionally the method of preparation may also influence the structural characteristics of
the films. Several studies comparing the properties of bulk glasses prepared with traditional
melt quenching technique and thin film glassy materials deposited with sputtering have
been made [138]. Even though both materials had the same nominal composition the final
infrared (IR) results showed differences in the short range order (SRO). Therefore it is
important to look at sputtered films and study the effect of structure and properties, like
e.g ionic conductivity. In this way thin film engineering technology has many challenges
to fully understand the process by which glassy oxides are deposited and the correlation
between composition, structure, properties, and deposition parameters.

Glasses are prepared by introducing a glass modifier to the base network. Phosphate
glasses are founded on a P,0O; 3-D network where the introduction of the glass modifier
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breaks P-O-P bonds. The most common glass modifiers are alkali or alkali-earth oxides,
e.g. Li,O, Na,O and Ca0O. Depending on the amount of modifying cations introduced into
the structure the number of P-O-P bonds with bridging oxygen decrease leading to the
formation of non bridging oxygen (Onb). The character of these new bonds change from
covalent to ionic giving the material different properties.

The final phosphate tetrahedral units formed are described by the notation Q' where
¢ denotes the number of bridging oxygen per phosphate unit. A pure P,O; phosphate
network with only bridging oxygen (Ob) will result in Q® ultraphosphate units forming
a highly cross linked structure. When a small amount of modifier oxide is added, Q?2,
metaphosphate units are formed. These structures are characterized by having long chains
or rings. Increasing the amount of modifier cation even further, i.e breaking up even
more bridging oxygen bonds, will result in pyrophosphate and orthophosphate units with
isolated Q! and QO structures, respectively. Figure 7.1 shows the different tetrahedral sites
found in phosphate glasses.

o O -1 o -2 o -3
o, I o o | o [ I
O/T\O O/T\O o-/F|>\o o-/Ff\o-
0,0 0,,0" (o o}
Q3 Q2 Q1 QO

Figure 7.1: Q? units describing the tetrahedral sites found in phosphate glasses.

Most amorphous oxides exhibit low ionic conductivity at room temperature. Nitrogen
incorporation in thin film glassy materials has been studied thoroughly since it is thought
to be a determinant factor for enhancing ionic conductivity [194,199-201]. Additionally,
doping phosphate glasses with nitrogen serves to improve chemical durability as well as
to increase hardness, de-vitrification temperature, and resistance to attack by water and
salt solutions [114,202-205]. Several authors have found that the final structural and
functional properties of sputtered thin films depend on the deposition parameters used.
Improvement of ionic conductivity in borates and phosphates by substitution of nitrogen
for oxygen has been done successfully in recent years [136,204]. Nevertheless key concepts
concerning the mechanism of nitrogenation and its effect on the ionic conductivity of
LiPON films remain unclear. Studies done on annealing have also shown improvements on
the conductivity properties of thin films [194,206]. However, these studies are scarce and
questions concerning the effect of thermal treatments on the structure are still unclear.

To elucidate the effect nitrogen or annealing have on LiPON thin films it is of importance
to understand the final structural and chemical properties of the material.

In this chapter the composition and the short-medium range structure of the glass networks
were examined by X-ray photoelectron spectroscopy (XPS) and infrared spectroscopy
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(IR). Additionally the effect on the final electrochemical properties of the film, i.e. ionic
conductivity, was studied with electrochemical impedance spectroscopy (EIS).

7.1 Experimental

7.1.1 Sample preparation

A set of lithium phosphates and lithium phosphorus oxynitride thin films were deposited
with rf magnetron sputtering starting from a crystalline Li;PO, target. Film depositions
were done in the Daisy-Bat (Section 3.1.1), at the TU Darmstadt. Samples were prepared
on (1 0 0) silicon wafers polished on both sides. Different nitrogen and argon mixtures
were used with 8107 mbar pressure to have a step wise oxygen-nitrogen substitution
series. Deposition parameters were set to obtain film thickness of approximately 1 um
(40 W rf power for 4h) suitable for IR transmittance measurements [136,138]. Table 7.1
summarizes the deposition flow rates used for the experiments, from pure argon to pure
nitrogen, which will be addressed as the nitrogenation series hereafter. Additional thin
films were prepared at the ICMCB laboratory in a sputter chamber under a N, plasma for
4 h at 40 W and 1-10~2 mbar pressure.

Table 7.1: N, and Ar flow rates (sccm) for the nitrogenation series of lithium phosphate and
lithium phosphorus oxynitride sputtered films.

Sample N, flow rate (sccm) Ar flow rate (sccm)
NO-10 0 10
NO0.5-9.5 0.5 9.5

N1-9 1 9

N3-7 3 7

N4-6 4 6

N5-5 5 5

N10-0 10 0

To complete the structural study, an additional set of lithium phosphorus oxynitride films
were prepared with the same deposition parameters as stated before and with the highest
nitrogen flow that can be set in the sputtering chamber. These films were subsequently
annealed in vacuum with a base pressure of 1-10~7 mbar for 1 hour. The different anneal-
ing temperatures used were Ta = 250, 320, 380 and 500°C. These experiments will be
addressed in the document as the annealed series.

X-ray Photoelectron Spectroscopy (XPS) was performed on each sample after every de-
position or annealing process. The Li 1s, P 2p, O 1s, N 1s core levels peaks and valence
band were recorded using monochromated Al K« radiation with hv= 1486.6 eV and a
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pass energy of 23.50 eV.

For the analysis of lithium phosphates and lithium phosphorus oxynitride film structure,
infrared spectroscopy (IR) was used. The IR transmission spectra were recorded on a
Bruker Vertex 70 v spectrometer, working under vacuum, equipped with DTGS detectors
and two beam splitters (KBr or mylar multilayer). A total of 200 scans were averaged
with a resolution of 4 cm ~!. A glove bag was attached to the IR spectrometer which was
used for the handling and exchange of samples. The importance of this set-up will be
treated further in this chapter.

In order the investigate the ionic conductivity of annealed samples, Electrochemical
Impedance spectroscopy was performed, at TU-Darmstadt (TUD) on thin films prepared
on a silicon wafer with Si/SiO,/TiO, /Pt layers from GMEK, with a top Au contact
deposited using a shadow mask. Additional thin films were sputtered at I[CMCB-Bordeaux,
on glass substrates, using copper (Cu) thin films as current collectors. The 200 nm Cu
electrodes were also deposited by sputtering in argon plasma. As shown on Section 3.2.6.3,
measurements were done on cells with sandwich structures of 4 mm?
filled measurement cell.

area, in an argon

X-ray diffraction experiments were done on a Bruker diffractometer to determine changes
in film density and possible crystallization after the annealing step.

7.2 Results and Discussion

7.2.1 Stability of deposited films to air exposure

Figure 7.2 presents IR transmittance spectrum of samples prepared in argon and shows
the effect of exposing the layers to air. Spectral results show broad peaks for far and mid
IR regions for a layer that was in contact with air after deposition and a layer kept under a
controlled environment. The particular broadness observed for the far and mid IR regions
is proof of the disordered structure present in amorphous materials.

98



' 1 ! I
L|3PO4 in Ar

Glove bag

Air
= v,(Li-0)
s ‘
o)
&)
C
8
€
(2]
c
o
l_

P
Si Y
v,(CO)

-— 77—
200 400 600 800 1000 1200 1400 1600 1800
Wavenumber (cm'1)

Figure 7.2: IR spectra of thin films of rf Sputtered Li;PO, in argon kept under controlled
environment and exposed to air.

The sharp peak observed at around 610 cm ™ !corresponds to the silicon substrate. The
assignments of the IR bands to the lithium phosphate units present in the thin films
were made by comparison of the data with reported values in literature. The detailed
assignments from all the expected vibrational modes of lithium phosphate glass films are
summarized and shown on Table 7.2.

IR results shows characteristic vibrations for lithium phosphate structural units. The
shoulder observed between 1200-1300 cm ™~ lis assigned to the asymmetric stretching vibra-
tions of PO, ™, v4s(PO5 ), of metaphosphate units, while the peaks appearing between
900-1100 correspond to asymmetric stretching of pyro v4s(PO3 ) and orthophosphate
Vas(PO37). Symmetric stretching modes of P-O-P bonds appear in the range of 700-850,
while in the far IR region, 200-500 cm™!, the vibrations of Li cations against the anion
sites in the oxide matrix appear [138,207,208].

Figure 7.2 shows how the sample kept in argon and handled in the glove bag develops
a broad peak between 200-500 cm ™! and weak doublets between 720-840cm'and 850-
950cm~!. Finally it presents two strong broad peaks with maximums at 1030 and 1100
cm !, The lithium phosphate glass film can be subsequently described as a mixture of Q°
and Q! units with some small Q? chains, i.e. ortho, pyro and some metaphosphate chains.

The IR results showed a good match between the fringes in the low IR region for all films.
This feature indicates that the a comparison between the samples is valid since the changes
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Table 7.2: Assignments of component bands of the infrared spectra of vibrations present in
lithium phospate thin film glasses.

Wavenumber (cm™!) Assignment Reference
200-550 v(Li*-site) (vi, vi) [126]
500-600 §(POy), §(0O-P-0), 5(POZ7), [112,207-209]
720-840 v (P-O-P) [112,207-209)

Orthophosphate
1030-1050 Vas(PO&#7) [112,207-209]
Pyrophosphate
900-950 Vs (P-O-P) [112,207-209]
~1110 Vas(PO37) [112,207-209]
Metaphosphate
840-980 Vs (P-O-P) [112,207-209)]
1200-1300 Vas(PO3) [112,207-209]

Vi, Vi low and high frequency component
Vs, Vas: Symmetric and asymmetric stretching modes

d:bending modes

observed in the IR spectra can be attributed to variations in the film structure and not to
difference in thickness [136,138].

The final spectra shown here exemplify the overlap of the different units distributed
throughout the glassy network. This feature has been observed as well in studies done on
sodium phosphorous oxynitride where the material presents different Q° units [114].

On the other hand, the sample exposed to air presents variations compared to the one
kept in argon. The far IR band appears to be more intense and less broad. Additionally
there is an increase in the doublet between 850-950 cm~! while both peaks at 1030 cm !
and 1100 cm ™! are seen to be less intense. The most evident difference is observed in the
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region over 1250 cm ™! where there are two bands appearing at 1430 and 1490 cm 1.

As seen before, the peaks at 800 cm ™! are attributed to P-O-P vibrations forming short
chains. At around 950 cm™!, peaks from Q° and Q! units are increasing and decreasing
respectively compared to the prior sample. Additionally, vibrational modes not related
to phosphate nor lithium environments are also observed. These new IR bands can be
related to the asymmetric stretching mode of carbonate anions CO3 .

To corroborate the presence of Li,CO, the attenuated total reflection (ATR) spectra of
powder Li,CO5; was measured. Figure 7.3 shows the ATR results compared to the lithium
phosphate sample exposed to air. The bands appearing at 1490 cm ™! and 1430 cm™!
are found to correspond to C=0 vibrational modes in lithium carbonate Li,CO, [210].
Furthermore, peaks at 1088 and 871 cm ™! are also observed and can be related to stretching

of C=0 and bending of CO,.
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Figure 7.3: Comparison between ATR spectra of Li,CO4 powder with IR Transmission spectra
of rf Sputtered Li;PO, exposed to air.

The vibrations related to phosphates units are also affected by the presence of carbonate
species. As a consequence the strong peak observed at 1030 cm ™!, related to orthophosphate
units decrease in intensity. Additionally, a peak at 1250 cm™!, appears, which can be
attributed to the metaphosphate chain asymmetric vibrations. Peaks assigned to the
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P-O-P vibrations, appearing between 850-950, are also seen to increase intensity. As for
the far IR region, the relative intensity increases and presents sharper features.

As stated before, the sample exposed to air has a lower amount of Q° and Q' units
compared to the one kept under argon. This feature evidences a higher cross linking of
the structure and possible chain growth. Equation 7.1 propose the formation of Li,CO,
based on the release of oxide anions and lithium cations, provoking the linking of unstable
Q" with Q! to form small chains based on Q? units, and reaction with absorbed CO,.

Li,PO, + CO, — LiPO, + Li,CO, (7.1)

As it has been observed, lithium phosphate films are proven to be unstable in air. The
apparent chemical stabilization of nitrogenated phosphates has been studied thoroughly
for lithium and sodium compounds [202,204,211]. Therefore it is valid to determine the
chemical stability of the sputtered oxynitride films when exposed to air.

Figure 7.4 shows the IR results of the fully nitrogenated (sample N10-0) and the oxide film
prepared in argon (NO-10). Both samples were exposed to air prior to the IR measurements.
The spectra clearly shows how after 10 minutes of air exposure the nitrogenated sample
suffers no change with no carbonate-related peak. To avoid any type of carbonate
contamination all the experiments presented hereafter were done with samples kept under
a controlled environment.
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Figure 7.4: IR transmittance spectra of lithium phosphate and lithium phosphorus oxynitride
thin films deposited with Ar and N, flow and exposed to air for 10 minutes.
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7.2.2 Chemical analysis

XPS measurements were carried out for the determination of lithium, nitrogen and oxygen
content, for films prepared at different N,/Ar mixtures. The values of elemental atomic
percentage of each layer was used to determined film composition. Results, summarized in
Table 7.3, show how the amount of lithium and oxygen content changes with increasing
nitrogen flow. Compared to the starting target material, Li;PO,, there is an apparent
lithium loss during the sputtering process. In this case, the amount of lithium in the film
drastically changes with small modification of the nitrogen flow in the reaction chamber.

Table 7.3: Film composition results determined with XPS for lithium phosphorus oxide/oxynitride
films prepared with different N, /Ar flow rates (sccm).

Sample  Film composition

NO0-10 Lii; PO 33
NO0.5-9.5 Ligq4 PO57 N
N1-9  Lios PO 25 N4
N3-7 Li10PO 26 Noy
N4-6 Li g9 PO 24 Nygs
N5-5 Li g9 PO o5 Ngs

N10-0 Li; 4 PO 22 Ngg

The resulting composition of the samples agree with previous studies where final properties
of thin films greatly depend on the sputtering process and deposition parameters. This
difference in lithium content obtained with XPS should be handled with care when
comparing samples within each series (nitrogenation and annealing).

Figure 7.5 examines the values of incorporated nitrogen and the final amount of oxygen in
the sputtered films function of the nitrogen flow. Results show that lower flow rates give a
fast increase in nitrogen incorporation and a fast oxygen decrease while further increase in
gas flow shows a modest stabilization.
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Figure 7.5: Nitrogen incorporation and final oxygen content of sputtered thin films with different
N, flows. Lines are drawn to describe the tendency.

The XPS data of Li 1s, P 2p, O 1s and N 1s core levels from all lithium phosphate and
phosphorus oxynitride films were fitted using a Voigt profile. The results of Li 1s peaks
show a symmetric profile indicating that there are no additional components present in
the glassy structures. P 2p peaks resulted in asymmetric and broad features, nevertheless
further analysis would be too complex and non reliable. This is the reason why in the
present work only fits on N 1s and O 1s core levels were performed. Figure 7.6 shows
the profiles of O 1s, N 1s, and P 2p for samples N0O-10, N0.5-9.5, N5-5 and N10-0. XPS
peak position shifts observed in the samples are due to charging effects related to the
electronically insulting nature of these oxide materials [212,213].

N 1s and O 1s present multi component profiles that vary in the complete nitrogenation
series as a result of the different glass compositions. The N1s core level peak was fitted with
two components. The deconvolution was set to doubly and triply coordinated nitrogen
present in structure, Nd and Nt respectively. The presence of these two types of nitrogen in
lithium phosphorus oxynitride films has been proven and studied extensively [123,135,214].
For most of the samples the main peak contribution is found to be nitrogen which is
bonded to two phosphorus atoms, P-N=P, which appears at lower binding energy in the
spectra. On the other hand the shoulder observed at higher binding energies corresponds
to nitrogen bonded to three phosphorus atoms >N-. The energy difference between doubly
bonded (Nd) and triply bonded (Nt) nitrogen was fitted to be 1.5 eV.

The O 1s was also decomposed into two components. The main emission observed at
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Figure 7.6: XPS profile decomposition of the O 1s, N 1s, P 2p and Li 1s peaks for samples
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low energies corresponds to the non bridging oxygen (Onb) which can be linked to both
bonding in P-O-Li" and P=0. Nevertheless it is not possible to distinguish these two
species due to the resonant bonding in the phosphate tetrahedron [33,214]. The shoulder
observed at higher binding energies corresponds to bridging oxygen in P-O-P (Ob). Figure
7.7 shows the evolution of Nt/Nd ratio compared to Ob/Onb ratio as a function of nitrogen

incorporation.
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Figure 7.7: Respective Nt/Nd and Ob/Onb ratios determined by XPS in function of the nitrogen
incorporation.

The Onb species tend to increase as the nitrogen content increases in the gas flow. In the
case of Nd and Nt, Figure 7.7 shows the particular trend these two species have. It is
observed how at very low nitrogen flow both Nd and Nt are formed in the same extent, but
as the flow increases the tendency is to form Nd more than Nt. In general Nd increases
faster and prevails throughout the whole series. Nevertheless it is important to take care
and note that the changes observed here are also due to the different lithium content
throughout the whole series. Reason why any conclusions drawn by the full series will
result in some inaccuracy.

7.2.3 Structural analysis

As mentioned in the experimental part all infrared transmission spectra were collected to
study the glass structure. Nevertheless, for a more reliable comparison between samples
the final spectra were normalized and converted to absorption. The IR absorption spectra
of the lithium phosphorus oxynitride thin films prepared at different N,/Ar flow rates are
shown on Figure 7.8.

The main vibrational peaks corresponding to different phosphate units are observed. Even
though a clear trend with nitrogen incorporation is not observed, it is possible to detect
similarities in spectral features between some samples. For example, N10-0 and N5-5, as
well as N4-6, N3-7 and NO-10. While sample N0.5-9.5 has particular features different
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Figure 7.8: IR absorption spectra of lithium phosphorus oxynitride thin films for different N, /Ar
flow rates.

from the rest. The main characteristics of the IR spectra of the different sets of samples
are summarized below:

All samples have a weak doublet between 740-820 cm ™! .

N10-0, N5-5 and N3-7 have a strong peak at 1040 cm ! with medium shoulders at 960
em~! and 1110 cm™! plus a broad peak at around 500 cm™!.

Samples N4-6 and NO-10 have a broader peak in the far IR region arising between
200-500 cm~!. While in the mid IR region weak doublets between 900 cm~! and 1000
cm ! appear with a shoulder at 1200 cm™!.

Sample N0.5-9.5 has weaker bands in the far IR region, one at 220 cm™! and another at
550 cm~!. While in the mid IR region it has an intense doublet between 900-1000 cm~*
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and moderate peaks at 1150 cm ™! and 1300 cm ™!,

The isolated Q° orthophosphate PO~ environment is found between 1030-1050 cm—* and
is observed in greater extent for higher nitrogenated samples (N10-0, N5-5 and N3-6).
Samples N4-6 and NO-10 have higher amounts of Q! pyrophosphate units evidenced by
the increase in the peak at 1110 cm™!. Further, sample N0.5-9.5 has a structure composed
mainly of Q? units, proven by the presence of vibrations at 902 ecm™! and 947 cm™!
which correspond to small metaphosphate chains and rings, and for longer chains the

corresponding peak at 1300 cm ™.

Given that oxygen and nitrogen have similar molecular weight, it is not expected to find
big spectral changes. There is nevertheless a possible overlap of the signals due to the
proximity of the absorptions of P-O and P-N [114]. This is evidenced by peak broadening
observed in Figure 7.8 with nitrogen incorporation.

The XPS and IR results shown until now evidence how deposition parameters induce
the formation of phosphate networks formed by different chain lengths, thus a variety
of phosphate units. This effect is mainly due to lithium concentration variations in the
material and less to nitrogen incorporation.

Nevertheless, due to the difference in lithium content it is hard to single out the real
effect of nitrogen incorporation on the structure. For this reason, and to elucidate the
dependence between the nitrogenation process and the different component environments,
samples with the same overall amount of lithium (observed from IR results) were selected
for further analysis.

Figure 7.9 presents the absorption spectra of N10-0, N5-5 and NO-10*. Sample NO-10*
was prepared in full argon flow with similar deposition parameters than the rest of the
nitrogenation series.
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Figure 7.9: IR absoprtion spectra of lithium phosphorus oxynitride thin films for samples N10-0,
N5-5 and NO-10%*.

The set of selected samples have a pronounced peak at 1035 cm™! due to isolated Q" units,
as seen on Figure 7.9. With higher nitrogen flows the ionic P-O~ bond in the PO3~ units
does not shift, nevertheless it has an important decrease in intensity. Additionally, it is
possible to observe that with increasing nitrogen there is an increase in intensity of the
peaks at 840, 960 and 1150 cm~!. On the other hand, it is possible to observe a decrease
of the area peak around 910 cm ™! correlated to the asymmetric stretching of phosphate
bridges. The differences observed in the mid IR region show how the short range order is
affected with the incorporation of nitrogen (decrease in Q° and increase of Q' ) generating
a higher cross linking of the network.

Focusing on the far IR region related to the Li cation vibrations against their sites, it
is possible to observe the frequency of the peak shift changing from 400 cm~! to 500
cm~!. The broad envelope present from 200 cm ™! until 600 cm™! in the argon sample
becomes narrower and shifts progressively, thus showing how incorporation of nitrogen
greatly influences the lithium environment.

To have a better idea of how the glassy network and the lithium environment of fully (N10-
0), partially (N5-5) and non nitrogenated (N0-10*) samples are changing, difference spectra
are calculated. Figure 7.10 compares the spectral changes between the full oxynitride and
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the oxide (N10-0 - N0O-10*) and the changes between the full oxynitride and the partially
nitrogenated (N10-0 - N5-5) sample.

—— LiPON (N10-0) - Li,PO, (NO-10%)
—— LiPON (N10-0) - LiPON (N5-5)
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Figure 7.10: Infrared absorption difference spectra of fully (N10-0), partially (N5-5) and non
nitrogenated (N0-10*) lithium phosphate thin films.

The mid IR region of Figure 7.10 confirms how the N10-0 full oxynitride film has the
lowest amount of orthophosphate units (1035 cm™!) and how the PO}~ units decrease
with nitrogen incorporation. In the same way it is possible to corroborate that the full
oxynitride presents more pyrophosphate units, peaks between 900-950 cm ™! and 1100-1200
cm !, and how these units increase with increasing nitrogen. One could then assume that
the higher cross linking, arising from the formation of pyro-oxynitrides, is at the expense
of lithium orthophosphate units that link to nitrogen atoms affecting the glassy network.
At this point it is important to recall the fact that the selected samples ((N10-0),(N5-5)
and (N0-10*)) were chosen based on the assumption that they all present similar lithium
content based on the IR measurements. Therefore newly formed nitride units must be
equivalent to the orthophosphate units present in the starting oxide.

The composition of the units should also be in accordance, to a certain extent, with the
XPS results obtained before. XPS analysis showed that for sample N10-0, doubly bonded
nitrogen Nd ( =N-) is mainly present, around 75% of the total nitrogen amount. Therefore,
any proposed cluster forming the network should include dimeric units with doubly bonded
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nitrogen with the same Li content.

Many studies have proposed mechanisms showing the possible bonding of nitrogen can
have in oxynitrides [123,137,204,215]. Figure 7.11 shows the clusters proposed based
on the XPS and IR results that elucidate the substitution of the bridging oxygen with
nitrogen. As noted before, and due to the loss of lithium during deposition, the oxide
network is formed of a mixture of a orthophosphate and pyrophosphate units, which are
respectively depicted in Figure 7.11(a) and (b).
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Figure 7.11: Proposed clusters with nitrogen incorporated to lithium phosphate dimeric unit(a)
with one N (b) and two N atoms (c).

Cluster (a) and (b) show the lithium phosphate monomer and the pyrophosphate unit.
The resulting Li/P ratio in each case is 3 and 2 respectively. Given that our IR results
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showed that the deposited layers are composed mainly of dimers with the presence of
some monomers, the possible structures present in the layers should fall between these
two oxides (cluster (a) and (b)). If one assumes that the Li content from each initial
phosphate unit remains unmodified, the equivalent structures are clusters (a.1) and (b.1).
Introducing nitrogen in the second case (b.1), Li/P=2, results in a pyro-oxynitride in
which the corresponding unit will have a composition of Li,PO,N where each phosphorus
atom will have two corresponding non-bridging oxygen atoms linked to Li™ ions. As can
be noted, the equivalent pyro-oxynitride will have very long chains of phosphates, a feature
that is not present in the IR results. Therefore the possible structures should contain
higher amounts of lithium, close to Li/P = 3. IR results showed additionally how the
deposited layers are composed mainly of dimeric units with some monomers. To resemble
structure (a), cluster (a.1) is proposed. The final structure will be LigP,O;N,. In this
case two nitrogen atoms are incorporated forming a dimeric unit which has two types of
phosphorus atoms, one attached to three Onb and one N and the other joined to two Onb
and two N atoms. Correlating this to IR vibrations, each phosphorus atom is expected
to have a characteristic vibration profile. The proposed corresponding dimeric unit (a.1)
serves as a theoretical example of the nitrogen incorporation of one nitrogen connecting
the two monomers, resulting in a structure with final composition Li;P,O4N;. Cluster
(a.3) further presents a three-phosphorus unit with two doubly bonded nitrogen atoms. In
this case the resulting structure is Li,P;O¢N,. It is possible to assume that the two peaks
observed around 800 cm™! and 950 cm™! in the difference spectra (Figure 5(b)) could
be related to a complex bridging formation of the nitrogen atoms in the clusters which
depend on the type of surrounding environment present.

There are several models developed to explain network formation with nitrogenation in
phosphate glasses. Bunker’s model and Marchand’s rules describe the mechanism by which
nitrogen substitute oxygen atoms in metaphosphate glasses. They both coincide that the
formation of two Nd and two Nt occur from the breaking of P-O and P=0 bonds. For
the formation of Nd, -N=, both P-O and P=0 are broken, while for >N-, Nt, only P-O
bonds are involved. Le Sauze et al have observed that for sodium phosphate the P-O~Na™
bonds will not be affected by the nitrogen substitution, but will depend intrinsically on the
total cation content [216]. The trend of Ob/Onb for the present study, shown in Figure
7.7, exemplifies the reported data on other alkali metaphosphate glasses [202,216]. Tt is
nevertheless important to take care that this trend was assumed for layers with the same
lithium content, around 1:1 Li:P ratio for metaphosphate case studies.

As stated before the far IR region of the difference spectra, Figure 7.10, shows changes in
the lithium environment. The far IR envelop can be analyzed further with deconvolution
of the different components present. Figure 7.12 presents fitting results on the far IR
region of samples N0-10*, N5-5 and N10-0. Peaks corresponding to the substrate (Si)
and the O-P-O deformation bonds were fixed to 610 cm™* and 590 cm ™! respectively.
The resulting components are two broad bands at around 460 cm ™! and 310 cm™!. With
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nitrogen incorporation both of these bands shift towards higher frequencies. Additionally,
the band at higher wavenumber becomes less broad.

In the type of phosphate glassy structures, similar to the ones studied here, lithium ions
are found to be in a local minimum of potential energy related to the negatively charged
units in the vicinity [126]. The short range order structures serve to accommodate the Li
ions with a variety of coordination spheres which can be classified given their nature. Due
to this disordered nature of the glass oxide it is possible to find charged, partially-charged
and neutral units in the coordination sphere of the metal ion. In this way, the surrounding
of the Li ions are specific anionic sites that can come from either non bridging or bridging
oxygen of both charged and neutral units [126].
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Figure 7.12: Fit results for components present in the far IR region for (a) non nitrogenated
sample made in argon (N0-10%), (b) partially nitrogenated (N5-5) and (c) fully nitrogenated
(N10-0) lithium phosphate thin films.
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Kamitsos et al have found that for alkali glasses there are two contributions to the band in
the far IR due to the existence of more than one type of anionic hosting for cations [126].
They found that the higher frequency component can be compared to the cation vibration
present in the corresponding crystal. On the other hand the lower frequency was related
to the unfavored sites with higher coordination number and lower negative charge density.
As shown in Figure 7.12, with nitridation the high frequency component becomes more
narrow, which will imply a significant increase of the metal ion sites distribution uniformity
and therefore an increased ordering of the structure surrounding lithium cations.

As seen before, the introduction of nitrogen will increase the order in the material and
place lithium ions in a coordination environment with a lower potential energy. Du and
Holzwarth have performed calculations on oxynitride structures where they present the
influence of bridging nitrogen on the lithium environment, and how compared to bridging
oxygen, it will tend to be stronger [217,218]. The higher uniform distribution of the N
compared to O will increase the charge density surrounding the Li atoms, creating stronger
Li-anion interactions. This gives an idea of the reason why nitrogen incorporation serves
for chemical stability. The preparation of sputtered films with nitrogen will give stabilizing
coordination spheres of Onb or N around lithium atoms which makes it unfavorable for
them to react with CO, from air.

With these findings it is possible to assign the bands observed between 200 cm ™! and

550 cm ™! to Li atoms surrounded by different anionic environments. Even though this
assumption is based on the far IR results obtained here, further information concerning
Li-anion sites distances is needed to conclude on the real glassy network present.

It is also possible to conclude that during nitrogenation the main role of nitrogen is related
to the formation of linkages and further modification of the glass structure while oxygen,
mainly non-bridging, is related to lithium charge compensation.

7.2.4 Annealing effect on thin film composition and structure

The samples presented in this coming section were deposited and immediately annealed
under vacuum (base pressure of 1-1077) for 1 hour. Subsequent XPS and IR measurements
were performed under controlled atmospheres. For EIS measurements, deposition of the
layers were done on Si/SiO,/TiO,/Pt wafers with a sputtered gold contact done after
LiPON deposition. This layer may have influenced the adhesion of the lithium phosphorus
oxynitride film and made it difficult to measure XRD and EIS in some cases.

The same data treatment employed for the nitrogenation experiments was applied in the
annealing series. Final structural and chemical properties of the thin films were analyzed
as function of the different annealing temperatures T4 = 250, 320, 380 and 500 °C. As
determined with XPS analysis in the prior section (nitrogenation series) annealed samples
have a network formed by Nd, Nt, Onb and Ob similar to the fully nitrogenated N10-0 film.
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It is important to consider that surface analysis on thermal treated samples at such high
temperatures have always the uncertainty in determining if the results obtain correspond
exclusively to surface related phenomena or if it extends to bulky features.

XPS deconvolution results, not presented here, revealed how the Ob/Onb ratio has an
overall constant behavior through the different annealing temperatures. The changes
observed are not significant, thus one can assume how the amount of these two species
(Ob and Onb) have only minor changes throughout the range of temperatures studied.
On the other hand annealing had an influence on the Nt/Nd ratio for one of the lower
temperatures (250°C). This indicates that thermal treatment will give a significant change
of the nitrogen environment in the glassy structure but only at lower temperatures and
not higher than 250°C.

XRD results for the as deposited and annealed sample at 250°C, are shown on Figure 7.13.
Diffraction patterns obtained are in correspondence with amorphous glassy structures with
the characteristic broad peak around 22° [44,45]. The sample annealed at 250°C showed
an increase in reflection possibly due to minor gain in ordering of the network.
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Figure 7.13: X-ray diffraction patterns of as deposited and annealed (250°C) lithium phosphorus
oxynitride thin films.

Recent results on MOCVD deposition of Li;PO, [219] show how the preparation of
the material at 350°C gives a partially crystallized film with reflections at around 24°
corresponding to (1 0 1) and (0 0 1) and at 37° for (0 0 2). Nevertheless the XRD
pattern presented here shows no evidence of additional crystal phases indicating that the
annealing process did not affect the amorphous character of the layer contributing to a
loss of material during crystallization.
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7.2.5 Structure and ionic conductivity

In this section, two experimental set ups were employed for the deposition and annealing
of LiPON films, one in the TU-Darmstadt and the other at ICMCB-Bordeaux.
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Figure 7.14: Impedance spectra of as deposited LiPON (1 pwm thick) and annealed thin films at
250°C, prepared and measured at ICMCB-Bordeaux.

The Nyquist plot of the as deposited and annealed samples (250°C) prepared in ICMCB
are shown in Figure 7.14. The analysis and fits of the curves were done using the equivalent
circuit shown in Figure 7.14. The spectra is made of a semicircle and straight line signal,
which gives a behavior similar to that of an ideal blocking electrode-electrolyte-electrode
configuration. The results on ionic conductivity are summarized in Table 7.4 and show
that the ionic conductivity doubles after the sample is annealed at 250°C

Table 7.4: Tonic conductivity values of lithium phosphorus oxynitride thin films annealed at
different temperatures. *Layers presented delamination. See Figure 7.16.

Sample Ionic Conductivity (S/cm)
ICMCB
as deposited 1.0 -1076
250°C 2.1.10°6
TUD
as deposited (80°C) 8.5-1077
320°C 1.9-1076 *
380°C -
500°C 5.5-1077 *
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Figure 7.15 presents the impedance spectra obtained from sputtered layers at TU Darm-
stadt, i.e as deposited LiPON thin films compared to annealed layers. Measurements
were only possible for samples treated at 320 and 500°C, which did not present shorts.
Nevertheless, the thermal treatment produced changes in the morphology of the layer,
observed with SEM measurements. Figure 7.16 presents two different magnifications of
the layer after annealing at 500°C showing cracks and de-lamination on the surface. EIS
measurements and ionic conductivity (o) determination were possible in these two cases
(320 and 500°C), but the lack of adhesion make these results unreliable.
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Figure 7.15: (a) Impedance spectra of as deposited LiPON and annealed thin films at 320 and
500°C, prepared and measured at TU Darmstadt. (b) Zoom of impedance spectra. Layers were
0.5 wm thick.

These shorts may occur either due to the LiPON layer not being thick enough (500 nm),
or because of the pore or pinhole formation with thermal treatment. Comparing both
as-deposited films it is possible to observe the influence of the annealing process on the

final ionic conductivity.
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Figure 7.16: SEM images of a LiPON sample after annealing for 1 h at 500°C.

Annealed lithium phosphorus oxynitride thin films were further analyzed with IR spec-
troscopy. The results, shown on Figure 7.17, evidence minor structural changes after
annealing compared to the as deposited sample. The IR absorption spectra shows that all
films have the following features:

- A broad envelop between 200 and 500 cm .

- A modest doublet between 720 and 840 cm™*.
- A strong peak at 1040 cm ™! with shoulders at 960 and 1110 cm™?.

As seen before these vibrations correspond to Li cation against anionic environments
between 200-600 cm ™!, bending modes of P-O at 720-840 cm ™!, asymmetric stretching
P-O bonds fo Q! and some Q? units at 960 cm—!, asymmetric vibrations of PO3~ at 1040
ecm ™! and asymmetric vibrations of PO~ in Q! units at 1110 cm™.
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Figure 7.17: Infrared absorption spectra of lithium phosphorus oxynitride thin films annealed at
different temperatures.

The minor changes seen at the mid and far IR regions with increasing temperature
correspond to modifications of the short range order of the glassy network, evidenced
by an increase in the peak related to isolated units. A difference spectra between the as
deposited and the annealed sample at 250°C was calculated, where the small changes can
be revealed and a better insight of the possible reasons for the enhanced ionic conductivity.
Results are presented on Figure 7.18 and are compared to the difference between the
as deposited and lithium phosphate (NO-10*) film prepared in argon (taken from the
nitrogenation series). The pattern corresponding to the annealed series shows how the
heat treatment increases the amount of isolated PO3~ units and decreases the vibrations
between 800-960 cm ! and 500-600 cm ™!, which are associated to the P-O-P stretching
and O-P-O deformation modes, respectively.
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Figure 7.18: Infrared absorption difference spectra of as deposited and annealed (250°C) lithium
phosphorus oxynitride thin film.

The mid IR region shows an decrease in the component between 800-900 cm~!. The
vibrational frequencies in this region have been associated to the presence of bridges in
phosphate glasses. For example, Popovic et al and Velli et al found that long chained
structures in metaphosphate have vibrations between 850-950 cm ™! for P-O bonds. As
seen in the difference spectra, after the film has been annealed at 250°C there is evident
decrease in the longer chain components that can be linked to the increase in ortho
and pyrophosphate units. It is possible to assume that the energy given to the material
provokes breaking of longer chains towards the formation of rings and isolated units.

On another point, Kamitsos et al have explained how annealing creates a slow cooled
thin film amorphous state, different from the starting sputtered layer (fast cooled). This
change will give the largest effect to the Li-ion motion band (far IR region) indicating
that annealing triggers only a set of short range order (SRO) structural rearrangements
that modify and/or create Li-sites with lower potential energy. Results shown here are in
agreement with these finding and show a similar rearrangement in the Li-O environment
and consequently lowering of potential energy upon thermal treatment [125,138].

In this line of thought, assuming that the glass is linked through non-flexible negative
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charge in the phosphate network, a lowering in potential energy will induce an increase
in the activation energy, which stems lithium transport. This would then mean that the
ionic conductivity, which depends on the density of mobile Li ions and mobility, will
also decrease. This last point contradicts the finding on ionic conductivity shown here.
However, Dussauze et al have reported how the nitridation process on lithium boron
oxynitride gives B-N-B bridges in contact with highly coordinated boron atoms (3-fold).
They argue that the close contact of these units favors de-localization of negative charge of
both oxygen and nitrogen atoms along the oxynitride structure [136]. This de-localization,
or bond resonance, decreases the electrostatic interactions between Li and the surrounding
sites. Therefore, if one assumes that for lithium oxynitrides the charges are flexible due
to de-localization of the newly formed P-N bond, it is possible to explain the enhanced
lithium mobility (and ionic conductivity). In summary, the two contradictory effects
concerning the nature of the oxynitride phosphate network and the lithium environment to
enhance chemical stability and ionic conductivity. On one side the far IR showed how the
stronger interactions between lithium and the anion site produces a shift and narrowing of
the band. Additionally, there will be an increase in glassy network around lithium ions.
On the other side, the increased ionic conductivity is more related to the de-localization of
negative charges along phosphate dimers and chains. The layers prepared with annealing
may have this conductivity enhancement due to de-localization of negative charge in these
longer chains making the ion hopping more efficient compared to the untreated sample.

Summing up, annealing the sample at 250°C has two main effects on the structure. One
relates to the change in chain length and the other with the rearrangement of coordination
environment surrounding Li atoms. Annealing gives the structure enough energy to
rearrange and shift from a strained network formed with sputtering to a more relaxed
ensemble. The presence of -N= atoms will provide a favorable environment where the
de-localization of the charge can occur once the electrostatic part of the activation energy
is decreased. Given that the network strain decreases with annealing, the final effect in
enhanced ionic conductivity can be fully explained.

7.3 Conclusions

It was possible to enhance the chemical stability of lithium phosphorus oxides, which react
with CO, from air and forming Li,CO,, with nitrogen incorporation.

Composition of phosphate glasses with rf sputtering was proven to be greatly influenced
by the gas ratio employed. The largest variations are observed for lower amounts of N, in
the gas mixture.

The lithium phosphorus oxynitride films deposited here presented glassy structures with
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mainly ortho and pyrophosphate units with small amounts of short metaphosphate chains.

The IR spectra results showed important differences in the short range order for films with
a similar amount of lithium. A clear trend of the vibrational components of isolated PO3~
units and lithium environment with increasing nitrogen in the gas mixture was observed.
Nitrogen insertion favors stability of lithium by giving an environment with lower potential
energy.

Annealing at 250°C shows extended effects on the glassy network explained by the decrease
of orthophosphate units and increase of the bridging units, and a change in coordination
environment surrounding the Li atoms due to negative charge de-localization from doubly
bonded nitrogen -N=. The ionic conductivity will be enhanced by the improved Li ion
transport given the reduction in the electrostatic part in the activation energy.

LiPON is therefore a material with particularity of its components to form structures
with great chemical stability but with high ion mobility and hence ionic conductivity:
phosphate coordination, cross linkage, P-N covalency and ability to de-localize the charge
and will affect Li* bonding in the respective coordination sites and will thus trigger lithium
mobility.
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Summary

The present work was based on the investigation of different thin film components of Li
ion batteries.

A first part was dedicated to the deposition of cathodes in thin film form of a known material,
LiCoO,, and an alternative one, Li(NiMnCo)O, employing physical vapor deposition (PVD)
and chemical vapor deposition (CVD), respectively.

A second part was focused on the cathode-electrolyte interface for three case studies: 1)
as deposited LiCoO, cathode thin film, 2) ZrO, coated LiCoO, thin film and 3) LiPON
coated LiCoO, thin film. The interface cathode-electrolyte of these three cases were
studied before and after galvanostatic cycling to determine surface layer characteristics
and changes arising on the interface after battery operation. The interface of a bare
LiCoO, layer was further studied after soaking in liquid electrolyte to elucidate the effect
of short storage procedures in batteries. Additionally, LiPON thin films were studied
on the basis of structural changes occurring with nitrogenation and its correlation to a
possible mechanism during ion conduction.

Thin film cathode materials

The preparation of LiCoQO, thin films and determination of ideal deposition parameters
in terms of surface composition and electrochemical activity was done on the first part.
Results obtained showed how the different sputtering parameters clearly affect the chemical
composition and electrochemical behavior of the material. The films deposited at 50 W,

550°C and 1:1 O,:Ar presented a stoichiometric relation for the surface composition of
Lio790002.1‘

Results showed how after cycling there is a reduction of rate capability and increase in
interface resistance. Cyclic voltamogramms showed the thin films with good cyclability for
the first 6 cycles. The X-ray diffraction pattern showed the presence of several orientations
related to the known HT phases found in literature for LiCoO, with low crystallinity. This
feature was confirmed by the CV curves as well. XRD patterns evidenced a structure
change with cycling and the appearance of an additional Co;0, phase.
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XPS measurements showed spectral features from the surface corresponding to stoichio-
metric LiCoO, which was taken as reference data for the continuing sections.

Li(NiyMnyCo;_yx—y)O, thin films were prepared via aerosol assisted chemical vapor depo-
sition. Phase composition, structure and morphology of thin films deposited on silicon
substrates were investigated as a function of process pressure and concentration of pre-
cursor solution. X-ray diffraction and Rietveld analysis using the March-Dollase model
were applied for the determination of the texturing and microstructural characteristics.
The morphology of the films was characterized using scanning electron microscopy. The
investigation

a significant effect on the film morphology and texturing. Deposited thin films were
electrochemically active showing the expected charging/discharging values and reasonable
stability during cyclic voltammetry experiments.

Degradation study on a LiCoO, model electrode

Bulk and surface properties of LiCoO, thin films were studied before and after elec-
trochemistry. Galvanostatic cycling showed a high decrease in capacity after the first
cycle which was related to the poor crystallinity induced by structural changes favored
with battery cycling. This significant decrease is not observed for well crystalline thin
films. Electrochemical impedance spectroscopy additionally showed the appearance of a
resistance associated to the interface layer formed.

Moreover, scanning electron microscopy showed how the deposited layers are polycrystalline
with average 30 nm particles. Apart from a smoothening of the particles no major change
was observed on the morphology after cycling.

Surface analysis done on LiCoQO, thin films showed changes occurring at the interface
layers after the electrode was in short contact with the electrolyte solution and after
galvanostatic cycling.

Washing and soaking the electrode material in electrolyte and solvent showed that surface
reactions start from the first contact. The formation of a surface layer from these processes
occur with organic components from the solvent and inorganic from the salt. The most
significant evidence by XPS was the appearance of Co*" metal ion on the surface after
soaking and after electrochemistry.

A main component of the electrolyte solution, LiPFy, has critical effect since it can
decompose and form HF which reacts with carbonates and forms LiF on the surface. Given
the large amount of LiF, a high reactivity of LiCoO, with the decomposed species was
observed, as the main components of the film were related to the decomposed LiPFy salt.

The remaining surface layer was mainly carbonated species and some inorganic components.
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The carbon compounds found correspond to reactions from the EC solvent while the LiPFy
salt formed LiF" and other Li,PF, compounds, these last in a lower extent.

The surface chemistry of the layer formed on LiCoO, after cycling was mainly based
on decomposed species from the electrolyte salt arising from carbonated and fluorinated
species.

Soaking the sample for a short time resulted in the deposition of a surface layer on the
active material composed of organic compounds related to the solvent. Contrary, electro-
chemical cycling favored the formation of inorganic species from the salt on the cathode
surface. When the samples are soaked there are more organic species seen than after
electrochemistry evidenced by the estimation of carbon containing species related to each
sample, around 14% for soaked and 9% after cycling. Finally, the electrolyte salt was
seen to decompose and further react generating intermediate species which with any pos-
sible water trace can enhance polymerization of solvent and form other additional products.

Artificial surface layers for the LiCoO, cathode

Artificial surface layers were deposited on LiCoO, by means of rf sputtering. The thin layers
of ZrO, and LiPON used as coatings had minor effects on the original film morphology
and crystalline structure.

The protection mechanism and enhanced capacity retention for the first cycles observed
for coated LiCoO, thin films was related to two main factors; i) the creation of a physical
barrier which isolates the cathode material from the electrolyte, and ii) formation of a
surface layer from chemical reactions between the deposited artificial surface layer and the
electrolyte.

An XPS analysis of the interface showed how the nature of each layer after galvanostatic
cycling was different for each case. The resulting artificial surface layer formed from ZrO,,
coating showed mainly inorganic species, while the LiPON coated cathode showed an
organic nature. The final surface layers after electrochemical cycling of the ZrO, coated
film resembled that of the uncoated LiCoOs,.

Structural study on lithium phosphorus oxynitride LiPON thin
films

The composition and properties of LiPON deposited with varying parameters was system-
atically studied. The chemical stability of lithium phosphorus oxides was enhanced with
nitrogen incorporation while creating an oxynitride structure.

Composition of phosphate glasses with rf sputtering was proven to be greatly influenced
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by the gas ratio employed. The largest variations were observed for lower amounts of N,
in the gas mixture. The IR spectra results showed important differences in the short range
order for films with a similar amount of lithium.

The lithium phosphorus oxynitride films deposited here presented glassy structures with
mainly ortho and pyro-phosphate units with small amounts of short metaphosphate chains.

Nitrogen insertion favors stability of lithium by giving an environment with lower potential
energy, as was evidenced by the far-IR results.

Annealing at 250°C showed extended effects on the glassy network explained by the
decreases of orthophosphate units and increase of the bridging units. Moreover, change in
coordination environment surrounding the Li atoms due to negative charge de-localization
from doubly bonded nitrogen -N= was also observed. The ionic conductivity was enhanced
by the improved Li ion transport given the reduction in electrostatic part in the activation
energy.

LiPON has the particularity of elements with specific coordination that favors the for-
mation of structures with chemical stability and with high ion mobility. Such attributes
are evidenced in the ionic conductivity properties due to phosphate coordination, cross
linkage, P-N covalency and ability to de-localize the charge and trigger lithium mobility.
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Résumé

Ce travail porte sur la recherche de différentes compositions de couches minces pour
accumulateurs Li-ion.

Une premiere partie a été dédiée au dépots de cathode sous forme de couche mince
d’un matériau connu, LiCoO,, et d'un matériau alternatif, Li(NiMnCo)O, en utilisant le
dépot physique en phase vapeur (PVD) et le dépot chimique en phase vapeur (CVD),
respectivement.

Une seconde partie s’est focalisée sur I'interface cathode-électrolyte pour trois cas d’étude :
1) couche mince de matériau de cathode LiCoO,, 2) couche mince de LiCoO,, recouvert de
Zr0O, et 3) couche mince de LiCoO, recouvert de LIPON. L’interface cathode-¢électrolyte de
ces trois cas d’étude a été étudiée avant et apres cyclage galvanostatique afin de déterminer
les caractéristiques de la couche de surface et les changements provenant a l'interface lors
du fonctionnement de I’accumulateur. L’interface des couches minces de LiCoO, a été
étudiée plus en détail apres trempage dans un électrolyte liquide afin de comprendre I'effet
des procédures de stockages courts dans les accumulateurs. De plus, les couches minces de
LiPON ont été étudiées sur la base de changements structuraux se produisant avec la ni-
truration et sa corrélation a un possible mécanisme ayant lieu durant la conduction ionique.

Couche mince de matériaux de cathode

La préparation des couches minces de LiCoO, et la détermination des parametres de
dépot optimaux en termes de composition de surface et d’activité électrochimiques ont été
réalisées dans la premiere partie. Les résultats obtenus montrent comment les différents
parametres de pulvérisation agissent sur la composition chimique et le comportement
électrochimique du matériau. Les films déposés a 50 W, 550°C et 1 :1 O, :Ar présente une
relation stoechiométrique pour une composition en surface de Li; ¢CoO, ;. Les résultats
ont montrés comment, apres cyclage, il y a diminution de la capacité a cycler a régime
rapide et augmentation de la résistance a l'interface. La voltamétrie cyclique a montré
la bonne cyclabilité des couches minces lors des 6 premiers cycles. La diffraction des
rayons X a montré la présence de différentes orientations, peu cristallisées, appartenant a
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la phase LiCoO, HT selon confirmation par la littérature. Ceci est également confirmé
par les courbes de voltamétrie cyclique. Les diagrammes DRX mettent en évidence un
changement de structure durant le cyclage et I'apparition d’'une phase supplémentaire
Co50,. Les mesures XPS ont permis d’obtenir des données provenant de la surface et
correspondant a du LiCoO, stoechiométrique et qui a servi de donnée de référence dans
les sections suivantes.

Les couches minces de Li(NiyMnyCoy_y_y)O2 ont été préparées par dépot chimique en
phase vapeur assisté par aérosol. La composition, structure et morphologie des couches
minces déposées sur substrat de silicium ont été étudiées en fonction de la pression totale
et de la concentration de la solution de précurseur. La diffraction des rayons X et I'analyse
Rietveld utilisant le modele March-Dollase a été mise en ceuvre pour la détermination
de la texture et des caractéristiques microstructurales. La morphologie des films a été
caractérisée par microscopie électronique a balayage. L’étude a montré que la concentration
de la solution de précurseur et la pression totale ont un effet majeur sur la morphologie
des films et leur texture. Les films déposés étaient actifs électrochimiquement, montrant
un comportement en charge et décharge attendu et une stabilité raisonnable durant les
études en voltamétrie cycliques.

Etude de dégradation sur une électrode de LiCoO, modele

Les propriétés des couches minces de LiCoO, dans le massif et en surface ont été étudiées
avant et apres électrochimie. Le cyclage galvanostatique a montré une importante diminu-
tion de la capacité apres le premier cycle ce qui a été relié a la faible cristallisation induite
par les changements structuraux favorisés par le cyclage électrochimique. Cette diminution
significative n’est pas observée pour des couches minces bien cristallisées. La spectroscopie
d’impédance électrochimique a de plus montré I’apparition d’'une résistance associée a la
formation d'une couche d’interface.

De plus, la microscopie électronique a balayage a montré que les couches déposées sont
polycristallines avec des tailles de particules de 30 nm de moyenne. A part un lissage des
particules, aucun changement majeur sur la morphologie n’a été observé apres cyclage.

Le nettoyage et le trempage du matériau d’électrode dans 1’électrolyte et dans le solvant a
montré que les réactions de surfaces commencent des le premier contact. La formation
d’une couche de surface par ce procédé provient du solvant pour les composés organiques
et du sel pour les composés inorganiques. En XPS, ceci est montré par 'apparition de I'ion
métallique Co?T en surface apreés trempage et apres électrochimie.

Un composant principal de la solution d’électrolyte, LiPFy, a un effet critique du au fait
qu’il peut se décomposer et former HF, réagissant avec les carbonates et formant du
LiF en surface. Etant donné la grande quantité de LiF, une importante réactivité du
LiCoO, avec les especes décomposées a été observée. La couche de surface restante était
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principalement composée d’especes organiques et quelques composé inorganiques. Les
composés carbonés trouvés correspondent aux réactions provenant du solvant EC tandis
que les sels de LiPFy forment les composés LiF et autres LiyPFy, ces derniers en minorité.
La chimie de surface de la couche formée sur LiCoO,, apres cyclage est principalement
liée aux especes décomposées du sel de 1'électrolyte provenant des especes carbonatées et
fluorées. Tremper les électrodes pour un temps court a résulté au dépot d’une couche de
surface sur le matériau actif, composé d’especes organiques liées au solvant. Au contraire, le
cyclage électrochimique favorise la formation d’especes inorganiques liées au sel en surface
de la cathode. Quand les échantillons sont trempés, nous avons observés une plus grande
quantité d’especes organiques qu’apres cyclage électrochimiques. Ceci est mis en évidence
par l'estimation des especes contenant du carbone pour chaque échantillon, autour de 14%

pour les échantillons trempés et 9% apres cyclage. Finalement, le sel de I’électrolyte a
montré une décomposition et une réactivité générant des especes intermédiaires favori-
sant la polymérisation du solvant en présence d’eau et la formation de produits additionnels.

Couche de surface artificielle pour la cathode de LiCoO,

Des couches de surface artificielles ont été déposées sur LiCoO, par pulvérisation rf. Les
couches minces de ZrO, et LiPON utilisé comme traitement de surface ont eu un effet
mineur sur la morphologie du film de départ et sa structure cristalline. Le mécanisme de
protection et 'amélioration de la capacité de rétention pour les premiers cycles, observés
pour les couches minces de LiCoO, avec traitement de surface, a été relié a deux facteurs
principaux; i) la création d’une barriere physique qui isole le matériau de cathode de
I’électrolyte, et ii) formation d’une couche de surface par réaction chimiques entre la couche
de surface artificiel et I’électrolyte. Une analyse XPS de l'interface a montré comment
la nature de chaque couche était différente dans chaque cas apres cyclage galvanosta-
tique. La couche de surface artificielle résultante formée a partir du traitement de surface
ZrO, présente principalement des especes inorganiques, tandis que la cathode recouverte
de LiPON présente une nature organique. La couche de surface finale apres cyclage
électrochimique recouvert du film de ZrO, ressemble a celle du LiCoO, sans traitement.

Etude structural des couches minces de LiPON

La composition et les propriétés du LiPON déposé avec différentes conditions ont été
étudiées systématiquement. La stabilité chimique des oxydes de phosphore lithiés a été
améliorée avec I'incorporation d’azote tout en créant une structure oxynitrure.

La composition des films de verre de phosphate avec la pulvérisation rf a montré étre
grandement influencé par le ratio de gaz employé. La plus grande variation a été observé
pour les quantités les plus faibles de N, dans le mélange de gaz. Les spectres IR montrent
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d’importantes différences pour l'ordre a courte distance pour les films avec une quantité
similaire de lithium.

Les films d’oxynitrure de phosphore lithiés déposé ici présentent une structure vitreuse avec
principalement des unités ortho et pyro-phosphate avec des faibles quantités de courtes
chaines metaphosphate.

L’insertion d’azote favorise la stabilité du lithium en donnant un environnement d’énergie
potentielle plus faible, comme mise en évidence par les résultats d’IR lointains.

Les recuits a 250°C ont montrés des effets étendus sur le réseau vitreux, expliqués par
la diminution des unités orthophosphates et ’augmentation des unités ponteuses. De
plus, des changements de coordination dans ’environnement autour des atomes de Li dus
aux charges négatives délocalisées des liaisons doubles de ’azote -N= ont été également
observés. La conduction ionique a été augmentée par I’amélioration du transport des ions
Li étant donné la réduction de la composante électrostatique de 1’énergie d’activation.

Le LIPON a la particularité d’avoir des éléments avec une coordination spécifique qui
favorise la formation de structures avec stabilité chimique et une grande mobilité ionique.
Ces attributs son démontrés par les propriétés de conduction ioniques du a la coordination
du phosphate, réticulation, covalence P-N et ’habilité a délocaliser les charges et déclencher
la mobilité du a la coordination du phosphate, réticulation, covalence P-N et I'habilité a
délocaliser les charges et déclencher la mobilité du lithium.
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Titre : Développement de surface artificielles pour cathode sous
forme de couche mince pour accumulateurs Li-ion

Abstract:

Ce travail porte sur la recherche de différentes compositions de couches minces pour
accumulateurs Li-ion.

Une premiere partie a ét€ dédiée au dépoOts de cathode sous forme de couche mince d’un
matériau connu, LiCoO,, et d’un matériau alternatif, Li(NiMnCo)O, en utilisant le dépot
physique en phase vapeur (PVD) et le dépdt chimique en phase vapeur (CVD),
respectivement. Les résultats (LiCoO,) ont montrés comment, apres cyclage, il y a diminution
de la capacité a cycler a régime rapide et augmentation de la résistance a I’interface. La
diffraction des rayons X a montré la présence de différentes orientations, peu cristallisées,
appartenant a la phase LiCoO, HT selon confirmation par la littérature. Les couches minces
de Li(NixMnyCo;.,)O, ont été préparées par dépot chimique en phase vapeur assisté par
aérosol. La diffraction des rayons X et ’analyse Rietveld utilisant le modele March-Dollase a
été mise en ceuvre pour la détermination de la texture et des caractéristiques microstructurales.
La morphologie des films a été caractérisée par microscopie €lectronique a balayage. L’étude
a montré que la concentration de la solution de précurseur et la pression totale ont un effet
majeur sur la morphologie des films et leur texture.

Une seconde partie s’est focalisée sur I’interface cathode-électrolyte pour trois cas d’étude : 1)
couche mince de matériau de cathode LiCoO,, 2) couche mince de LiCoO; recouvert de ZrO,
et 3) couche mince de LiCoO; recouvert de LIPON. L’interface cathode-€lectrolyte de ces
trois cas d’étude a été étudiée avant et apres cyclage galvanostatique afin de déterminer les
caractéristiques de la couche de surface et les changements provenant a 1’interface lors du
fonctionnement de I’accumulateur. L’interface des couches minces de LiCoO; a été étudiée
plus en détail apres trempage dans un é€lectrolyte liquide afin de comprendre 1’effet des
procédures de stockages courts dans les accumulateurs.

De plus, les couches minces de LiPON ont été étudiées sur la base de changements
structuraux se produisant avec la nitruration et sa corrélation a un possible mécanisme ayant
lieu durant la conduction ionique.

Mots clés : Accumulateurs Li ion, Couches minces, LiCoQO,, Surface artificielle, ZrO,,
LiPON




Title : Development of artificial surface layers for thin film
cathode materials

Abstract :

The present work was based on the investigation of different thin film components of Li ion
batteries. A first part was dedicated to the deposition of cathodes in thin film form of a
known material, LiCoO;, and an alternative one, Li(NiMnCo0)O, employing physical vapor
deposition (PVD) and chemical vapor deposition (CVD), respectively. Results on the
deposition of LiCoO, showed how after cycling there is a reduction of rate capability and
increase in interface resistance. The X-ray diffraction pattern showed the presence of several
orientations related to the known HT phases found in literature for LiCoO, with low
crystallinity. On the other hand Li(Ni,MnyCo,)O, thin films prepared via aerosol assisted
CVD were analyzed with X-ray diffraction and Rietveld refinement using the March-Dollase
model for the determination of the texturing and microstructural characteristics. Additionally
the morphology of the films was characterized using scanning electron microscopy. The
investigation showed that concentration of precursor solution and process pressures have a
significant effect on the film morphology and texturing.

A second part was focused on the cathode-electrolyte interface for three case studies: 1) as
deposited LiCoO, cathode thin film, 2) ZrO; coated LiCoO; thin film and 3) LiPON coated
LiCoO; thin film. The interface cathode-electrolyte of these three cases were studied before
and after galvanostatic cycling to determine surface layer characteristics and changes arising
on the interface after battery operation. The interface of a bare LiCoO, layer was further
studied after soaking in liquid electrolyte to elucidate the effect of short storage procedures in
batteries.

Surface analysis done on LiCoO; thin films showed changes occurring at the interface layers
after the electrode was in short contact with the electrolyte solution and after galvanostatic
cycling. Washing and soaking the electrode material in electrolyte and solvent showed that
surface reactions start from the first contact. A main component of the electrolyte solution,
LiPFg, has critical effect since it can decompose and form HF which reacts with carbonates
and forms LiF on the surface. Given the large amount of LiF, a high reactivity of LiCoO, with
the decomposed species was observed, as the main components of the film were related to the
decomposed LiPFg salt.

The surface chemistry of the layer formed on LiCoO, after cycling was mainly based on
decomposed species from the electrolyte salt arising from carbonated and fluorinated species.
Artificial surface layers were deposited on LiCoO; by means of rf sputtering. The thin layers
of ZrO, and LiPON used as coatings had minor effects on the original film morphology and
crystalline structure. An XPS analysis of the interface showed how the nature of each layer
after galvanostatic cycling was different for each case. The resulting artificial surface layer
formed from ZrO, coating showed mainly inorganic species, while the LiPON coated
cathode showed an organic nature. The final surface layers after electrochemical cycling of
the ZrO2 coated film resembled that of the uncoated LiCoO,.



Additionally, LiPON thin films were studied on the basis of structural changes occurring
with nitrogenation and its correlation to a possible mechanism during ion conduction.
Composition of phosphate glasses with rf sputtering was proven to be greatly influenced by
the gas ratio employed. The largest variations were observed for lower amounts of N, in the
gas mixture. The IR spectra results showed important differences in the short range order for
films with a similar amount of lithium. The lithium phosphorus oxynitride films deposited
here presented glassy structures with mainly ortho and pyro-phosphate units with small
amounts of short metaphosphate chains. Nitrogen insertion favors stability of lithium by
giving an environment with lower potential energy, as was evidenced by the far-IR results.

Keywords + Li-ion batteries, Thin film cathode, LiCoQO,, Artificial surface layer, ZrO,,
LiPON
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