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Conversion material electrodes such as FeF2 possess the potential to deliver 

transformative improvements in lithium ion battery performance because they permit a reversible 

change of more than one Li-ion per 3d metal cation. They outperform current state of the art 

intercalation cathodes such as LiCoO2, which have volumetric and gravimetric energy densities 

that are intrinsically limited by single electron transfer. Current studies focus on composite 

electrodes that are formed by mixing with carbon (FeF2-C), wherein the carbon is expected to act 

as a binder to support the matrix and facilitate electronic conduction. These binders complicate 

the understanding of the electrode-electrolyte interface (SEI) passivation layer growth, of Li 

agglomeration, of ion and electron transport, and of the basic phase transformation processes 

under electrochemical cycling.  

This research uses thin-films as a model platform for obtaining basic understanding to the 

structural and chemical foundations of the phase conversion processes. Thin film cathodes are 

free of the binders used in nanocomposite structures and may potentially provide direct basic 

insight to the evolution of the SEI passivation layer, electron and ion transport, and the 

electrochemical behavior of true complex phases. The present work consisted of three main tasks 

(1) Development of optimized processes to deposit FeF2 and LiPON thin-films with the required 

phase purity and microstructure; (2) Understanding their electron and ion transport properties 

and; (3) Obtaining insight to the correlation between structure and capacity in thin-film 

microbatteries with FeF2 thin-film cathode and LiPON thin-film solid electrolyte.  



Optimized pulsed laser deposition (PLD) growth produced polycrystalline FeF2 films 

with excellent phase purity and  P42/mnm crystallographic symmetry. A schematic band diagram 

was deduced using a combination of UPS, XPS and UV-Vis spectroscopies. Room temperature 

Hall measurements reveal that as-deposited FeF2 is n-type with an electron mobility of 0.33 

cm2/V.s and a resistivity was 0.255 Ω.cm. The LiPON films were deposited by reactive 

sputtering in nitrogen, and the results indicate that the ionic conductivity is dependent on the 

amount of nitrogen incorporated into the film during processing. The highest ionic conductivity 

obtained was 1.431.9E-6 Scm-1 and corresponded to a chemical composition of Li1.9PO3.3N.21.  

FeF2/LiPON thin films microbatteries were assembled using a 2032 coin cell 

configuration and subjected to Galvanostatic cycling. HRTEM and EELS spectroscopy where 

performed across the FeF2/LiPON interface of samples cycled once 15 times in their lithiated and 

delithiated states to understand the relationship between microstructural evolution and capacity. 

The EELS measurements provided evidence of a three-phase conversion reaction over the first 

discharge described by FeF2 +2e-+2Li+↔Fe +LiF, and of incomplete reconversion back to FeF2 

after the 1st cycle resulting in new Fe0 and LiF phases in delithiated samples. This incomplete 

conversion results in (a) a smaller phase fraction of FeF2 participating in the conversion process 

subsequently and (b) the formation of LiF which is resistive to both electron and ion transport.  

This results in the observed drastic drop in capacity after the1st cycle.  More study to understand 

the reconversion reaction pathways is required to fully exploit the potential of FeF2 and other 

conversion materials as cathodes in Li ion batteries. 
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CHAPTER 1

 INTRODUCTION 

1.1 Motivation 

Rechargeable lithium-ion (Li-ion) battery technology has taken the lead over other 

batteries, such as Ni-Cd, due to its advantages like high energy density, safety and long life. The 

challenge for better batteries continues to grow with miniaturization of portable electronic devices 

such as digital cameras, tablets, laptops and mobile phones. In any battery system, the electrodes 

play an important role in battery performance, as that is where energy density and capacity are 

controlled by electrochemically reduced or oxidized materials. For this reason, many researchers 

have been in pursuit of cathodes and anodes with higher specific capacity. 

For the almost 20 years that Li-ion batteries have been in existence, there has been 

evolution and improvement of intercalation cathodes such as LiCoO2 and LiFePO4 (1, 2). 

However, these cathodes have reached their intrinsic limitations in terms of the volumetric and 

gravimetric energy density. This is because they are limited by the available host sites for Li 

insertion through the topotactic transition, and are restricted by single electron transfer during the 

redox reaction. Conversion compound cathodes offer an alternate mechanism to intercalation by 

permitting a reversible change of more than one Li ion per 3d metal cation, which results in 

significantly higher capacities than traditional intercalation materials. For example, the theoretical 

specific capacity of the conversion compound cathode herein investigated, FeF2, is 571mAh/g, 

compared with 274 mAh/g for LiCoO2 (3). 

Conversion reactions are phase transitions during which one parent compound decomposes 

into two or more products after reaction with lithium.  They follow the general equation: Me+X + 

nLi+ + ne ↔ Me + nLiX, where Me=transition metal, X=anion, and n= formal oxidation state 
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of X. Reversible conversion reactions with lithium were first reported in 2000 by Tarascon et al. 

for transition metal oxides, and later for metal fluorides, sulfides, nitrides, phosphides and 

hydrides (4-8). Of these material systems, fluorides are potentially the best candidates to be used 

as cathodes due to their high expected output voltage based on the high ionicity of the 

metal−fluoride bond, high theoretical capacity, and low cost. However, although the 

understanding of these materials has grown significantly since they were first reported, their 

incorporation into commercial batteries remains hampered by several basic material issues. 

Among these, the most significant are: 1) a large drop in capacity observed after the first cycle 

associated with structural reorganization associated with these phase transformations; and 2) the 

poor cycling rate and large voltage hysteresis observed between charge and discharge steps (9).  In 

other words, the structural underpinnings of basic mechanisms of electronic and ion transport need 

to be better understood. 

To overcome some of these problems, various groups incorporate powdered conversion 

materials into composite electrodes by mixing with carbon (FeF2-C) wherein the carbon is 

expected to support the matrix and facilitate electronic conduction.  For example, Wang et al.  (5), 

studied the structural and morphological changes of FeF2 powders during lithiation and found that 

the local electron transport pathway is due to the formation of Fe domains surrounded by a LiF 

phase. Similarly, Ammatucci et al. (10), attribute the decrease in capacity of FeF2 carbon nano-

composites to the large particle LiF and Fe formation that impedes the full electrochemical re-

conversion into FeF2. Although these groups reveal important insights into the morphology and 

kinetics of metal fluorides, multiple aspects of the local chemistry remain unclear, such as the large 

intrinsic hysteresis that forms during reconversion and the effect of phase formation on electron 

and ion mobilities and the subsequent drop in capacity. A particular obstacle that prevents the 
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clear understanding of electron transport is the binders used to facilitate electronic conduction 

in these powdered, composite cathodes. Traditionally, they are fabricated by high energy milling 

in a powder form. These binders shroud the understanding of the electrode-electrolyte interface 

(SEI) passivation layer growth, of Li agglomeration, and of the formation of new phases under 

electrochemical cycling. Because the cycle and lifetime of the battery depends on the nature of 

the SEI, it is important to address this issue. One way to solve these problems from a materials 

perspective is to develop and use thin film cathodes. Thin film cathodes are free of the binders 

used in nanocomposite structures and present an ideal platform to obtain basic insight to the 

evolution of the SEI passivation layer, and the electrochemical behavior of true complex phases. 

From an applications point of view, a thin film microbattery structure can be easily integrated as 

the power source in the circuit of any portable electronic device, such as smart cards, micro sensors 

and medical implantable devices (11). 

Therefore, the goals of this work were: to develop an understanding of the processing-

structure-property relationships of FeF2 thin films cathodes; to understand its electronic band 

structure and electronic transport properties; and to implement FeF2 cathodes into a thin film 

microbattery architecture. The latter is expected to provide insight into: (1) the structural changes 

associated with lithiation and de-lithiation that lead to decrease in capacity; and (2) the evolution 

of the SEI with cycling and its impact in ion transfer. 
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1.2 Major Contribution of Dissertation 

The present work addresses issues that are key to a deeper understanding of FeF2 thin 

film cathodes and their implementation into microbatteries. The major contributions of this 

dissertation are: 

a) Optimization of FeF2 thin film cathode deposition conditions and investigation of its

structural and electrical properties. 

b) Optimization of LiPON thin film solid electrolyte deposition conditions and investigation

of its structural and electrical properties. 

c) Assembly and characterization of FeF2/LiPON thin film microbatteries.

d) Enhanced understanding of the effects of film morphology and structure on capacity

using Electron Energy Loss Spectroscopy (EELS) and High Resolution Transmission 

Electron Microscopy (HRTEM). 

e) Basic insight into the microstructure evolution of the SEI and its effects on capacity.

1.3 Organization of the Dissertation 

There are six chapters in this dissertation, which are organized as follows: Chapter 1 

provides a brief introduction and summarizes the contributions of this research. In Chapter 2, an 

overview of previous work related to FeF2, its processing, properties, application and current status 

is presented. Chapter 3 provides a description of the experimental procedures and instrumentation 

used in this work to deposit FeF2 and LiPON thin films. Additionally, it briefly describes the 

characterization techniques used to understand the structural, optical and electrical properties, such 

as X-Ray Diffraction (XRD), photoluminescence (PL) and Hall measurements. In Chapter 4, 

results of the structural, electrical and optical properties of FeF2 and LiPON thin films electrodes 
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are presented.  Chapter 5 presents the galvanostatic test of thin film batteries and the influence on 

capacity.  Furthermore, this chapter will provide results on the microstructural evolution of the 

SEI.  Conclusions and future work are outlined in Chapter 6 and Chapter 7 respectively. 
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CHAPTER 2

LITERATURE REVIEW 

2.1 Battery Fundamentals 

2.1.1 Introduction 

Batteries are devices that convert chemical energy to electrical energy via an 

electrochemical process. They can be divided into primary (non-rechargeable) and secondary 

(rechargeable) categories depending on the reaction. Primary batteries are “disposable” because, 

after the electrochemical reaction, they cannot be re-used. Secondary batteries allow for a 

reversible reaction where chemical energy can be converted back to electrical energy, allowing its 

re-use. These electrochemical reactions are similar to corrosion reactions, but the redox reactions 

are physically separated and thus allow the extraction of electrons for useful work separate from 

the system. In general, electrochemical reactions can be represented as follows: 

M↔ Mn+ + ne-                     Oxidation                           (1) 

nX + ne- ↔ nX-                    Reduction                                             (2) 

M + nX ↔ Mn+ + nX            Overall                                       (3) 

where M is a metal, X is an oxidizing agent such as metal oxide, e- is an electron and n denotes 

the number of electrons transferred during the reaction (1). During discharge, oxidation occurs at 

the anode because electrons move through the load and reduction happens at the cathode (gain of 

electrons). During charge, the opposite happens. The electrodes are separated by an electrolyte that 

blocks the movements of electrons through it and only allows the pass of the ions. 
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2.1.2 Lithium-ion Batteries 

Lithium-ion battery (LIB) research began in the early1980s by Asahi Chemicals, but it was 

first commercialized by Sony Corporation in 1990 (2). The technology has revolutionized the 

portable electronics industry and electric vehicle technology. The use of Li in LIB batteries is a 

result of Li being the most electropositive (-3.04 V versus standard hydrogen electrodes) and also 

the lightest (equivalent weight M = 6.94 g/ and specific gravity ρ= 0.53 g/cm3) metal (3). In 

addition, it  has a small ionic radius of ~60 pm which make Li easy to transport through different 

structures. These characteristics facilitate the inclusion of LIBs in light and flexible devices. 

Lithium-ion batteries now account for 63% of worldwide sales in portable batteries (4). The high 

specific energy (~150 Wh/kg), low self-discharge rate (2% to 8% per month), long life cycle 

(greater than 1000 cycles), and a broad temperature range of operation (charge at 20°C to 60°C, 

discharge at 40°C to 65°C) make LIBs superior to other systems (5). These characteristics are, in 

part, the reason why lithium-ion batteries outperform other systems, such as nickel-cadmium, lead 

acid, and metal hydride. Performance and characteristics of commonly used rechargeable batteries 

are shown in Table 1. The lithium-ion battery offers a great combination of high gravimetric energy 

density (Wh/kg), life cycle, and weight. Figure 2.1 provides a comparison of LIB with other 

systems. Unfortunately, cost still remains one of the major disadvantages, which fluctuates 

depending on Li availability (6). 
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2.1.3 Lithium-ion battery working mechanism 

Most common LIBs operate in a reversible rocking chair mechanism, where Li ions are 

inserted and removed from the host structure. A typical LIB consists of three basic components: 

cathode, anode, and electrolyte as shown in Figure 2.2. The electrolytes act as a barrier for electron 

conduction and a pathway for ionic conduction. During the discharge process, lithium ions (Li+) 

move from the anode to the cathode passing through the electrolyte (intercalated). At the same 

time, electrons (e-) created in the anode are transferred through the cathode via an external load 

such as an electronic device. The process comes to an end when the cathode electrical potential 

equals the anode potential. During the process, chemical potential energy (driving force) is 

completely transformed to electrical energy. Throughout the charging process, external load is 

replaced with a charger that moves the electron from the cathode back to the anode by the 

application of an electric current. Afterward, lithium ions are displaced from the cathode back into 

the anode (de-intercalated) where they meet with the electron again. Throughout this procedure, 

electrical energy (driving force) is converted into chemical potential energy. 
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Table 2.1. 

Performance of commonly used rechargeable batteries (7).

NiCd NiMH 

Lead 

Acid Li-ion Thin film 

Gravimetric energy 

density (Wh/kg) 45-80 60-120 30-50 110-160 

250-300 

(3) 

Self-discharge/ month 

(room temp.) 20% 30% 5% 10% <1 

Cycle life (~ 80% of 

initial capacity) 1500 300-500 200-300 500-1000 

3000-

10,000 (5) 

Cell voltage 

(nominal) V 1.25 1.25 2 3.6 

2.7 -4.2 

(3, 5) 

Rechargeable time 

(hours) 1  typical 2-4 8-16 2-4 ≤1 

Operating 

temperature 

(discharge)˚C -40 to 60 -20 to 60 -20 to 60 -20 to 60 - 

Battery cost ($US) 

$50 

(7.2 V) 

$60 

(7.2 V) 

$25 

(6 V) 

$100 

(7.2 V) - 

Figure 2.1 Gravimetric and volumetric energy densities comparison of different battery

technologies (8). 



10



Figure. 2.2. Schematic of the electrochemical process in lithium-ion batteries (9).

2.2 Intercalation cathode materials in Li-ion batteries 

Improvements in LIB technology rely on cathode selection as this is where the 

electrochemical reaction and energy density are controlled. For the past 20 years, transition metal 

oxide materials have been used as the primary positive electrode in LIBs (10, 11). In the past, 

additional layered dichalcogenides (ZrS2, NbS2, TiS2) and trichalcogenides (CoPS3, NiPSe3) were 

studied; however, the accommodation of Li+ into the lattice was obstructed because of the strong 

structural rearrangement and the significant phases formation that cause energetic losses, and were 

thus replaced by  transition metals oxides (12). The highly ordered structure of metals oxides 

allows rapid Li+ diffusion which is responsible for the high energy density compared to previously 
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studied structures. LiCoO2 was introduced in 1980 by the Goodenough group and is one of the 

commercially developed cathodes (13, 14). The positive electrode half reaction can be written as: 

𝐿𝑖𝐶𝑜𝑂2 ↔ 𝐿𝑖1−𝑛𝐶𝑜𝑂2 + 𝑛𝑒− + 𝑛𝐿𝑖+ (4) 

where n denotes the number of electrons transferred during the reaction. The most important 

cathode materials can be classified by three different structures; layered oxides (such as LiCoO2); 

spinel structures (such as LiMn2O4.); and olivine structures (such as LiFePO4). The layered oxides 

exhibit an anion close-packed or almost close-packed lattice in which alternate layers between the 

anion sheets are occupied by a redox-active transition metal, and Li then inserts itself into the 

essentially empty remaining layers, as shown in Figure 2.3 a. (15). LiCoO2 has theoretical and 

practical capacities of 280 mAh g−1 and 140 mAh g−1, respectively (16). This limited capacity is 

attributed to the intrinsic characteristics of the material and single-electron transfer in the redox 

reaction. Additionally, several phase changes are observed when they are cycled and the lithium 

content is below x≤0.5 in LixCoO2, which degrade the crystal structure and strongly impact the 

lifetime (17). 

Spinel lithium manganese oxide (LiMn2O4) and its derivatives have received increased 

attention as a substitute to lithium cobalt oxide (LiCoO2) due to their advantages including high 

rate performance due to its 3D framework, high energy density, low cost, low toxicity, and 

simplicity of preparation (18). The cubic spinel LiMn2O4 structure is described with Mn and Li 

cations on the 16d (octahedral interstices) and 8a (tetrahedral interstices) sites, respectively (19). 

The oxygen ions located on the 32e sites form a nearly ideal cubic close-packed sublattice, which 

crystallizes in the Fd3m space group (20). Figure 2.3 b demonstrates the spinel structure of 
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materials such as LiMn2O4. The reversible intercalation of Li into the spinel LiMn2O4 shows a 

two-step reaction, at 4.1 and 3.0 V, which is associated with the insertion of a second lithium to 

the spinel phase (LiMn2O4 →Li2Mn2O4 and the removal of one lithium from the spinel 

(LiMn2O4→λ-MnO2) (21). However, this compound has a problem in terms of capacity fade due 

to a passive film formation on the active material surface that causes a decrease of the Li ion 

diffusion coefficient (20, 21). 

LiFePO4 has drawn attention as a cathode in LIBs as it exhibits several unique advantages, 

such as high thermal and chemical stability, low toxicity, a higher theoretical specific capacity of 

170 mAhg−1, and a flat charge–discharge profile at intermediate voltage 3.45 V vs Li+/Li (22). 

Figure 2.3 c shows the olivine structure of materials such as LiFePO4. However, problems such as 

ionic and electronic conductivity and low Li+ diffusivity in LiFePO4 have limited its commercial 

production (23). Multiple research projects are currently underway to address these issues. 

Figure 2.3. Crystal structure of the intercalation cathodes materials (a) layer, (b) spinel and (c) olivine

structure (20). 
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2.3 Conversion cathode materials in Li-ion batteries 

Intercalation materials have been improved at different levels over the years. However, the 

number of available sites in the host lattice and the intrinsic limitation to the volumetric and 

gravimetric energy density has limited further developments. These intrinsic limitations arise from 

the single electron transfer in the redox reaction. In contrast to traditional intercalation materials, 

conversion compound electrodes, such as FeF2, permit a reversible change of more than one Li ion 

per 3d metal cation, which can result in significantly higher capacities than traditional intercalation 

materials; therefore, they are expected to yield transformative improvements in lithium ion battery 

performance. Conversion reactions are phase transitions where one parent compound decomposes 

into two or more products after reaction with lithium. A schematic of this process is shown in 

Figure 2.4. Conversion reactions follow the general equation: 

𝑀𝑛+𝑋 + 𝑛𝐿𝑖+ + 𝑛𝑒 − ↔  𝑛𝐿𝑖𝑋 + 𝑀        (5) 

where M=transition metal, X=anion, and n= formal oxidation state of X. The general equation 

for FeF2 can be written as: 

𝐹𝑒𝐹2 + 2𝐿𝑖+ + 2𝑒 − ↔  2𝐿𝑖𝐹 + 𝐹𝑒        (6) 

The Li uptake (discharge)/extraction (charge) results in a change of the free energy of the 

electrochemical cell (ΔG). ΔG is the energy required to move electrons from the positive to the 

negative electrode. ΔG can be calculated using the Nernst equation written as (24):∆𝐺 =

𝑧∆𝐺𝑓 (𝐿𝑖𝑋𝑚

𝑛
) − ∆𝐺𝑓(𝑀𝑋𝑚) = −𝑧𝐹 ∈        (7) 
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where z is the number of moles of electron moved, F is the Faraday constant, and ∈ (emf) is the 

electromotive force (potential difference between positive and negative electrode, also known as 

the standard potential reaction), ∆𝐺𝑓 is the Gibbs free energy of formation of 𝐿𝑖𝑋𝑚

𝑛
 and the primary 

compounds 𝑋𝑚. The emf values and the Gibbs free energy of formation (∆𝐺𝑓) of various binary 

compounds are shown in Table 2.2. 

Reversible conversion reactions with lithium for transition metal oxides were first reported 

in 2000 (25). An uptake of Li converts the transition metal oxide into a M/Li2O nanocomposite 

containing metals particles ~2-5 nm mixed into the amorphous Li2O matrix. In addition, this study 

found electrochemical capacities from 600 to 800 mAh/g for MO (MO, where M is Co, Ni, Fe) 

with 100% capacity retention for up to 100 cycles (CoO) and high recharging rates. These values 

are about twice those of current cathodes. These studies were expanded to include metal fluorides, 

sulfides, nitrides, phosphides, and hydrides (26-30). The highest specific capacity of the electrode 

is obtained when all possible oxidation states of the compound are utilized during the redox cycle, 

and an increase in the ionicity of the metal–X bond generally increases the output voltage of the 

conversion reaction (31). Therefore, the output voltage is expected to be highest for the highly 

ionic metal fluorides. Since an appropriate anode material should exhibit low voltage versus Li+/Li 

and a cathode material should exhibit a high voltage versus Li+/Li, several metal fluorides, 

including FeF2, are potentially useful as cathodes. 

The reactivity of Li uptake as an extraction reaction for different materials in terms of two 

ratios RA and RB was evaluated (31). RA and RB represent the ratio of real Li uptake/extraction 

capacity during first discharge/charge, to the calculated capacity of the first 
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Figure 2.4. Conversion reaction mechanism (32).

reaction and its comparison with the emf values of metal compounds is shown in Figure 2.5 and 

Table 2.2. Figure 2.5 a shows that an almost complete uptake can be achieved for emf values above 

1V vs Li+/Li and for ratios closer than 1. In addition, Figure 2.5 b indicates that materials with 

values below 1 emf (e.g BaF, CaF) and greater than ~ 3.09 emf show poor extraction (such as CuF 

and CoF). This provides a good understanding of the behavior of lithium upon extraction and 

insertion into metals compounds. As mentioned before, the high ionicity of the metal–X bond 

increases the output voltage of the conversion reaction, which results in higher emf values. This is 

clearly observed in the calculated emf values for conversion reactions for selected binary 

compounds and is shown in Figure 2.6. In other words, the higher potential difference between the 

positive and negative electrode (emf), the higher the force required to transfer the electrons to the 

external circuit in a battery. According to these results, potential compounds to be studied include 

CuF2, CoF2, NiF2, MnF2, and FeF2. 
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Table 2.2  

emf values, 
Gibbs free energy of formation (in this table ∆) Li storage capacities forbinary metal compounds 
(33). 
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Figure 2.5. Relationship between Li uptake and extraction and emf values (33).
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Figure 2.6. Calculated emf values (V) of conversion reactions for some binary transition metal

compounds and lithium (34). 

CuF2 emerges as a promising candidate since it has a high theoretical specific capacity of 

528 mAh/g and the highest theoretical potential of 3.55 V among all the divalent 3d transition-

metal fluorides, leading to an exceptionally high theoretical specific energy of 1874 Wh/kg (33, 

35). However, poor reversibility has been observed in CuF2. Early research attributes the decrease 

in theoretical energy density to hydrated impurities, such as CuOHF and CuF2·2H2O in CuF2 (36). 

Recently, Xiao Hua et al (37), concluded that CuF2 reversibility is mainly due to multiple redox 

reactions occurring, including a one-step lithiation step on discharge to form Cu directly and a 

two-step Cu oxidation on charge involving formation of an intermediate Cu (I) species most likely 

with a tetrahedral coordination, which later oxidized to an octahedral coordinated Cu (II) complex 
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anion. Moreover, Cu dissolves in the electrolyte and consumes the LiF, thereby hindering the Cu 

to CuF2 transformation (37). 

CoF2 is another candidate that has a high theoretical specific capacity of 528 mAh/g, a 

potential of 2.854 V, and high specific energy of 1578 Wh/kg. CoF2 nanocomposites prepared by 

ball milling were investigated and results showed an average specific capacity of 170 mAh g−1 

over 70 cycles in a voltage range of 1–4.6 V (38). These results are below the theoretical value of 

CoF2, which is due to an incomplete reaction in the composite. Nevertheless, there are no structural 

analyses that give insight into what is happening in these cathodes. Recently, Y.T. Teng et al, (39) 

reported a higher initial discharge specific capacity of 550 mAh/g and charge specific capacities 

ranging from 250 to 450 mAh/g in the first cycle. Results in CoF2 vary between reports; thus, 

further research needs to be performed to obtain more information about the conversion process. 

NiF and MnF2 are also potential candidates showing an initial specific capacity of ~750 mAh/g 

and ~200 mAh/g, respectively (40, 41). Out of these metal fluorides FeF2 is one of the leaders due 

to its earth abundance and cost. 

The main drawback of metal fluorides is their insulating nature that arises from ionic 

bonding that limits the voltage of the reaction affecting the Li uptake reaction rates. These kinetics 

control the rate at which lithium ions and electrons can reach the interfacial regions in the 

nanoparticles and react with the active domains (42). This can be expressed as a large separation 

of the voltage on the charge and discharge curves (large ΔE), as show in Figure 2.7. The 

polarization is associated with the energy required to break the M-X bond (42). To overcome poor 

kinetics and to enable the electrochemical properties of metal fluorides, carbon matrices were 

implemented which created nanocomposites. 
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However, the main focus has been on understanding the thermodynamic aspects of the 

conversion process and the microscopic mechanisms involved in the FeF2 in nanocomposite form 

(43). Wang et al. (43) were the first researchers to provide an adequate explanation for the ionic 

and electron transport during the conversion reaction of FeF2. They found that Fe nanoparticles 

are interconnected and form a bi-continuous network, which provides a pathway for local electron 

transport through the LiF (Figure 2.8), and the interface formed between nanoscale solid phases 

provides a pathway for ionic transport during the electrochemical process. 

Nevertheless, basic questions related to the conversion reactions, such as the charge 

transfer reaction at the electrode-electrolyte interface/interphase (SEI) and reversibility remain. 

These investigations are required to understand electrochemical behaviors as this area controls 

charge capacity and rate capability. The presence of binders, which are used to facilitate 

electronic conduction in electrode systems, shroud the understanding of the electrode-

electrolyte SEI passivation layer, Li agglomeration, and formation of new phases under 

electrochemical cycling. For this reason, this current research will focus on the morphological 

and electrochemical properties using a thin-film platform. Thin-film materials are free of the 

binders used with powders, and they present an ideal platform to obtain basic insight of the 

evolution of the SEI passivation layer and the electrochemical behavior of true complex phases in 

a controllable manner. 
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Figure 2.7. Charge and discharge curves for various conversion compounds containing fluoride,

oxide, sulfide, and phosphide (42). 

Figure 2.8. Schematic diagram of the conversion of FeF2 according to Reference (43).
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2.4 Thin Film Batteries 

Thin film batteries (TFB) have a number of advantages as compared with LIBs, as shown 

in Table 2.1. TFBs are complete solid state devices that are deposited using physical or chemical 

deposition techniques such as atomic layer deposition (ALD) and sputtering. The long cycle life, 

good reversibility, and higher energy capacity are some of the characteristics that are potentially 

attractive for application in portable electronic devices, biomedical, and electric vehicles. The 

researchers at Oak Ridge National Laboratory (ORNL) stand out for their research and 

development of solid state thin film LIB (44-47). Bates et al. (48) studied how the performance of 

a rechargeable thin-film lithium batteries was influenced by the cathode deposition technique, 

geometry, operating temperature, and current density. They discovered that the resistance of 

crystalline LixMn2O4 was about two orders of magnitude lower than that Li-V2O5 cells with 

amorphous cathodes, which were attributed to polarization resistance in Li-V2O5 films. 

Additionally, this group invented a high ionic conductor solid state electrolyte (LiPON) and 

implemented it in their thin film battery as represented in Figure 2.9. 

From a research standpoint, TFBs provide potential advantages such as allowing the 

analysis of electrochemical properties free of binders, higher electrode/electrolyte contact area 

leading to higher charge/discharge rates, shorter path lengths for electronic transport, thus 

permitting operation with low electronic conductivity or at higher power (3). 
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Figure 2.9.  (a) Schematic cross-section of a thin film battery, (b) SEM image of the cross section

of the thin film LIB showing the nanocrystalline as-deposited LiMn2O4 deposited under the LiPON 

(47). 

2.5 Properties of FeF2 and LiPON electrodes 

2.5.1  FeF2 

Iron fluoride (FeF2) is a binary compound semiconductor which displays a tetragonal 

structure (rutile type) with a space group symmetry P42/mnm (S.G. no.136) (49). The FeF2 

tetragonal lattice parameters are a= b= 0.46974 nm, c=0.3305 nm as shown in Figure 2.10. The 

atom positions inside the unit cell are (0, 0, 0) and (½, ½, ½) for the Fe atoms, and (u, u, 0), (1-u, 

1-u, 0), (½+u, ½-u, ½) and (½-u, ½+u, ½) for the F atoms, where u is 0.301 (50).  This structure 

can be envisioned of being composed of a hexagonal-close-packed (hcp) anion lattice with cations 

occupying half of the octahedral sites to form a FeF6/3 octahedral (Figure 2.11) (51). This 

octahedral link is in an edge-sharing manner along the [001] to form alternating chains of FeF6/3 

octahedral and vacant channels (tunnels) which can reasonably be expected to accommodate the 

electrolyte ions (Li+) (51, 52). Theoretical studies conducted by Zhen-hua et al., show that FeF2 in 
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a compound form (most of previous research made the compound by high energy milling) has a 

band gap as 2.565 eV, and the bond between Fe and F atoms in FeF2 is a mixture of ionic and 

covalent bonding (50). Details about the electrical and optical characteristics of FeF2 determined 

from this study will be presented below. 

The study of FeF2 goes beyond the application intended here. The magnetic properties of 

FeF2 have been studied since the 1970s (53), in different forms, such as in single crystals (54) and 

thin film form (55-57). Nogues et al., found a positive unidirectional exchange anisotropy in 

antiferromagnetic (FeF2) and ferromagnetic (Fe) bilayers (55). This provided a means of 

determining the sign of the antiferromagnetic (AFM)-ferromagnetic (FM) interface magnetic 

exchange interaction, in FeF2 epitaxially grown on MgO [100] substrates (55). In a recent report, 

Pištora et al. (57) used magneto-optic (MO) spectroscopy to study FeF2/Fe/FeF2 sandwich 

structures, and showed a room temperature permittivity of polycrystalline sub-micrometer FeF2, 

at photon energies (E), between 1.3 and 5.2 eV. 
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Figure 2.10. Schematic of a tetragonal structure of FeF2
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Figure 2.11. Structure of (a) FeF2 rutile structure, showing the octahedral positions, (b) the

vacant channels along the [001] plane that will accommodate the Li+. Blue, green, and orange 

spheres correspond to F, Li, and Fe, respectively (51, 52). 
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2.5.2 LiPON 

Lithium Phosphorus Oxynitride (LiPON) is an extensively used solid electrolyte in thin 

film Li-ion batteries. LiPON was first introduced at Oak Ridge National laboratories (ORNL) in 

the 1990s, by Bates et al. (44). Bates et al. demonstrated that  LiPON exhibited a single Li ion 

conducting phase between -26 and 140°C, with an average conductivity of 2.3 (±0.7) x 10-6 S/cm 

at 25°C and an average activation energy of Ea= 0.55 (±0.02) eV (58). Furthermore, LiPON 

demonstrated electrochemical stability with respect to a Li reference electrode of 5.5 ± 0.2 V at 

room temperature with anodic and cathodic limits of ~5.5 and 0 V, which allowed safe cell cycles 

up to 5.3 V (58). LiPON solid electrolyte was deposited using a Li3PO4 target under nitrogen 

environments, which allowed the replacement of the oxygen with nitrogen. This replacement 

minimized the activation energy and increased the average Li-O bond length, as well as reduced 

the Li-O binding energy which resulted in enlarged triangular faces of LiO4 tetrahedra (59-61). 

Nitrogen incorporation into the Li3Po4 structure was either double coordinated P − N = P or triply 

coordinated >P
P N − P  (Figure 2.12) (62, 63). These structural changes created an open structure 

that allowed for improved Li+ mobility, which is responsible for the increase in ionic conductivity 

observed in LiPON. Details about this mechanism can be found elsewhere (44, 64)  

The ionic conductivity of LiPON depends on its structural quality, and there are multiple 

researchers focusing on its processing conditions. LiPON electrolyte has been prepared by 

multiples deposition techniques, such as pulsed laser deposition (PLD) (65) e-beam evaporation 

(66) and RF magnetron sputtering (67, 68). Nimisha et al. (69) reported a maximum ionic 

conductivity of 1.1 × 10−6 Scm−1 when the nitrogen flow was increased from 10 to 30 sccm 

corresponding to the nitrogen triply coordinated (Nt) to doubly coordinated (Nd) ratio Nt/Nd ratio 

of 1.42 and a power density of 3Wcm-2, as shown in Figure 2.13. Another comprehensive report 
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was presented by Hamon et al. (70) in which parameters such as nitrogen pressure, RF power 

density, substrate distance and target density were varied to obtain a high ionic conductivity of 1.8 

× 10− 6 S cm− 1. 

P
PFigure 2.12. Li3PO4 structural change with nitrogen incorporation (a) > N − P  and (b) P − N =

P (71). 
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Figure 2.13. Ionic conductivity and Nt/Nd ratio of LiPON thin films as a function of (a) nitrogen

flow and (b) RF power (69). 
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CHAPTER 3 

 EXPERIMENTAL PROCEDURES  

3.1  Introduction 

In material science, there is a direct relationship between properties, processing, and 

performance that needs to be considered to achieve a desired outcome. Chapter 3 presents a 

description of the experimental procedures and instrumentation used in this work to deposit and 

analyze FeF2 and LiPON thin-film electrodes. As discussed in chapter 2, conversion reaction 

materials such as FeF2 generate interest for use as cathodes in Li-ion batteries due to their higher 

electron transfers and higher obtained capacities in comparison to currently-used cathodes. FeF2 

thin films were prepared by pulsed laser deposition from homemade targets using anhydrous iron 

fluoride powder. Additionally, LiPON thin films were deposited by a radio frequency (RF) 

magnetron sputtering using a Li3PO4 target under 15 mtorr N2 pressure and a power density of 2.5 

W/cm2. FeF2/LiPON thin-film microbatteries were assembled using a 2032 coin cell configuration 

inside a glove box under an Argon environment and were galvanostatically cycled using a potential 

window of 1V-4.5V. The structural, optical, and electrical analysis of FeF2 and LiPON thin-film 

electrodes was carried out using X-ray diffraction (XRD), X-ray photoelectron spectroscopy 

(XPS), electron energy loss spectroscopy (EELS), photoluminescence (PL), photoluminescence 

excitation (PLE), transmittance, Hall effect measurements, and impedance spectroscopy. 
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3.2 Vacuum Chamber and Processing Equipment 

FeF2 cathodes and LiPON electrolytes were deposited by Pulsed Laser Deposition (PLD) 

and Radio Frequency (RF) sputtering deposition techniques in laboratory built vacuum chambers 

as shown in figure 3.1. The base pressure of the systems was 10-7 Torr with turbo molecular 

pumping. Vacuum monitoring was delivered using an MKS convection, ion and cold cathode 

gauges, and deposition pressure was controlled using a precise MKS capacitance manometer 

vacuum gauge. A ‘bake out’ process was performed to eliminate water vapor and OH on the 

internal surfaces that arise when a vacuum system is opened to ambient air. The process heats the 

chamber to T ~150°C by wrapping the chamber with heater tape and covering it with aluminum 

foil to concentrate the heat in the walls. To minimize any leakage and outgassing, high purity 

oxygen-free high conductivity (OFHC) copper gaskets were used in the chambers. 

Figure 3-1 High-vacuum chamber used to deposit thin-film electrodes, (a) FeF2 cathode, and (b) 

LiPON electrolytes. 
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3.3 Substrate Preparation 

Depending on the required characterization, silicon or Corning 2974 glass substrates were 

used for the FeF2 and LiPON thin film depositions. Substrates were cleaned to eliminate any 

contamination prior to loading into the vacuum chamber using the following procedure: 

1. The substrates are ultrasonically cleaned with acetone, methanol, and deionized (DI) water

for 15 minutes each step. 

2. Between each solution, the substrates were blow dried with N2 gas.

3. Silicon was etched in 10% solution of hydrofluoric acid (HF) for 20 seconds to remove

native oxides. 

4. The substrates were blow dried with N2 before being loaded into the vacuum chamber for

thin-film deposition. 

3.4 FeF2 Target Preparation 

Anhydrous iron fluoride 99.99% (Alfa Aesar) powder was pressed using a one-inch 

stainless steel die at 8000 psi. Two-thirds of the melting point had to be achieved to sinter a target 

with acceptable density. Therefore, targets were sintered at 670° C for 60 minutes at a ramp rate 

of 7 to 8° C/min. Sintering was conducted under a nitrogen (N2) flow to minimize the formation 

of oxide. To obtain a good target environment, the tube furnace was purged with N2 for one hour 

before sintering began. 
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3.5 FeF2 and LiPON Thin Film Growth 

The FeF2 thin films were grown by PLD, and the LiPON thin films were grown by reactive 

RF magnetron sputtering. Appropriate processing conditions play an important role in the 

structure, properties, and performance of a thin film. Of the physical vapor deposition thin film 

growth methods, PLD in particular produces stoichiometric films.  Film microstructure ranging 

from randomly oriented nano-sized grains to highly textured large-grained polycrystalline films 

can be achieved by controlling processing conditions, such as laser fluence, substrate temperature, 

frequency, and background pressure. Both techniques allow the deposition of multi-element 

compound films and dense layers free of pin holes due to the high particle energy. 

3.5.1 Pulse Laser Deposition 

Pulsed laser deposition (PLD) is a thin-film growth technique where targets inside a 

vacuum chamber are ablated by a focused high-power pulsed laser beam. In this study, a 248 nm 

ultraviolet krypton fluoride (KrF) line of an excimer laser (COMPEX 201, Lambda Physik, laser 

wavelength of 248 nm, pulse duration of 25 ns, repetition rate of 10 Hz, fluence 5-8 J/cm2) was 

used to deposit FeF2 thin films. Throughout the laser-solid interaction, the target material is ablated 

(explosive evaporation) forming a plume of highly energetic species (atoms, electrons, ions). The 

evaporation process depends on the specific vapor pressure of each component. To maintain the 

multi-component target stoichiometry, the fluence used for PLD needs to always be above the 

threshold, as shown in figure 3.2. By depositing above this threshold, the material is superheated 

so all the components of the target are evaporated simultaneously, independent of their vapor 

pressure (1). The ablated materials from the target are deposited on the substrate, forming the thin 

film. Preceding the FeF2 thin-film deposition, the surface of the target is ablated for cleaning 
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purposes. A typical set-up for PLD is schematically shown in Figure 3.3. The focused laser beam 

comes into contact with the target at 45° and provides the necessary energy for vaporization. The 

species ablated from the target are then deposited on the substrate that is located parallel to the 

target at a distance of 4cm. 

Figure 3.2. Behavior schematic: Laser fluence vs. etch rate.
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Figure 3-3. Schematic diagram of a typical pulse laser deposition set-up.

3.5.2 Radio frequency magnetron-sputtered deposition 

The radio frequency (RF) sputtering process is a physical vapor deposition (PVD) 

technique in which atoms are ejected from a target as a result of bombardment with highly ionized 

particles. The highly energetic particles transfer enough kinetic energy to remove materials from 

the target that are subsequently accelerated and deposited on a substrate.  RF magnetron sputtering 

is used in this research due to the fact that with dc sputtering nonconductive materials allow the 
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buildup of electrons at the target surface, making electrons unavailable for the ionization process 

(2). The alternating frequency in the RF sputtering process is 13.56 MHz. The fast electric field 

change increases collisions to sustain the plasma by providing sufficient kinetic energy for 

ionization (3). 

A schematic sputtering chamber set-up is shown in figure 3-4. Reactive radio frequency 

magnetron sputtering was used to deposit LiPON thin films using a Li3PO4 ceramic target at 15 

mtorr N2 as the working, reactive gas and a power density of 2.5 W/cm2. The Li3PO4 surface target 

was conditioned for ten minutes before the shutter was opened to allow deposition on the substrate. 

A base pressure of ~10 E-7 mTorr was achieved prior to N2 introduction for deposition. The 

separation of the substrate and the target was 7.5 cm, and the deposition flow rate was 

approximately thirty-two standard cubic centimeters per minute (SCCM). 

Figure 3-4. Schematic diagram of a typical sputtering chamber set-up.
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3.6 Capacitor Device Fabrication 

Electrochemical impedance spectroscopy (EIS) analysis was performed to probe the 

electrical behavior of FeF2, LiPON, and their interfaces. Three different capacitor structures were 

developed for the EIS analysis. The preparation steps for the capacitors were as follows: First, a 

~300 nm Cu electrodes were deposited into Corning 2974 glass substrates using a 2.5cm X 2.0 

mm mask by DC sputtering. The Cu electrodes were deposited using an Argon pressure of 8.0 

mTorr and a substrate temperature of 100°C. Then, the film to be studied was deposited on top of 

the Cu electrodes using a 2x2 cm mask. Finally, the capacitor was formed when another set of Cu 

electrodes were deposited on top of the film perpendicular to the already deposited electrodes. 

Capacitor schematics are shown in figure 3-5. 
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Figure 3-5 Capacitor structures used for EIS measurements. a) Cu/FeF2/Cu, b) Cu/LiPON/Cu, and

c) Cu/FeF2 LiPON /Cu.
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3.7 Thin film microbattery fabrication 

A schematic drawing of the thin film microbattery layout is shown in Figure 3-6. Pulsed 

laser deposited FeF2 thin films were grown on AISI 304 stainless steel substrates using a KrF 

excimer laser (Lamda Physik, Compex 102, λ=248 nm) operating at a frequency of 10 Hz and a 

fluence of 5.58 J/cm2. FeF2/LiPON thin films microbatteries were assembled using a 2032 coin 

cell configuration inside a glove box under an Argon environment. Lithium metal anodes were 

separated with a polypropylene Celgard C480 separator, which was impregnated with LiPF6 in the 

electrolyte (to increase Li concentration). 

Figure 3-6 Schematic cross section of thin film microbattery.
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3.8 Characterization and Analysis 

3.8.1 Electrical Characterization 

3.8.1.1 Hall Mobility Measurements 

 In this study, an Ecopia HM-S5000 Hall effect measurement system, using a current of 1 μA 

and a magnetic field of 0.5 Tesla, was employed for electrical characterization of the FeF2 films. The 

Hall measurements were carried using a Van der Pauw contact configuration to determine the 

carrier concentration, carrier type, mobility, and resistivity of the samples (4). In this method, a 

voltage difference is generated across a conductive specimen when a magnetic field is applied 

perpendicular to the current density. This effect produces a magnetic force normal to the current 

density and magnetic field called the Lorentz force that can be expressed as: 

�⃑� = �⃑� × (�⃑� 𝑥 �⃑⃑�)        (1) 

where �⃑� represents the electron charge, �⃑⃑� is the magnetic field, and �⃑�  is the velocity. The Lorentz

force will act on the charged particles pushing them to one side of the specimen. The location of 

the depleted carriers will be determined by the type of carriers (n or p type). A potential difference 

(Hall voltage) is generated by the carriers accumulating at one of the sides. This accumulation 

generates a force on the carriers as follows: 

 𝐹⃑⃑⃑⃑ = −�⃑�. �⃑⃑�        (2) 

The hall field EH and defined as: 

𝐸𝐻 =
𝑉𝐻

𝑡
       (3) 
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At equilibrium, these two forces balance and can be expressed as: 

𝑞𝑣𝐵 = 𝑞𝐸𝐻 → 𝑣𝐵 =
𝑉𝐻

𝑡
       (4)  

By using the current density J, which is the charge density nq times the drift velocity v, written as 

𝐽 = 𝑛𝑞𝑣, and the current I, which is the current density times the cross-sectional area of the 

specimen (w.t). In other words: 

𝐼 = 𝐽𝐴 = 𝐽𝑤𝑡 = 𝑛𝑞𝑣𝑤𝑡             (5) 

Solving equation (5) for v and subtitling in (4), the observed Hall voltage can be expressed as 

follows: 

𝐼

𝑛𝑞𝑤𝑡
𝐵 =

𝑉𝐻

𝑡

𝐼𝐵

𝑛𝑞𝑤
= 𝑉𝐻 

and rewritten as 

𝐼

𝑞𝑛
=

𝑉𝐻𝑤

𝐵
 (6) 

𝐼

𝑞𝑛
= 𝑅𝐻 (𝐻𝑎𝑙𝑙 𝑐𝑜𝑒𝑓. ), equation 6 becomes: 

𝑅𝐻 =
𝑉𝐻𝑤

𝐵
(7) 

With this equation the Hall coefficient can be calculated where VH is the Hall voltage measured by 

the system, w is the thickness of the film, I is the applied current, and B is the applied magnetic 

field (.5T).  

Using a similar approach, the Hall Effect mobility can be expressed as (4, 5): 
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𝜇𝑛 = 𝜎𝑅𝐻  (8) 

The sign of the Hall coefficient RH specifies whether electrons or holes dominates the conduction 

process. 

3.8.1.2 Impedance Measurements 

 EIS concepts extend beyond the resistance of a circuit where the response to an applied 

voltage is linearly dependent following Ohm’s law. For a capacitor or inductor, this linear 

dependence is no longer obeyed due to the electrostatic and magnetic forces that oppose the current 

generated by an applied voltage. EIS is represented by Nyquist plots for complex planes and Bode 

plots for response as a function of frequency. Electrochemical impedance spectroscopy (EIS) data 

is frequently analyzed by fitting the data and processes to an equivalent electrical circuit model. 

These models use electrical elements such as capacitors or resistance to represent physical 

phenomena in electrochemical systems. By definition, impedance is a type of resistance that 

follows Ohm’s law for an AC circuit that contains magnitude and phase.  It follows the form of: 

𝑍 = 𝑍𝑅𝑒𝑎𝑙 + 𝑗𝑍𝑗        (9) 

Similar to resistance R, impedance Z measures the ability of a circuit to resist the flow of electrical 

current and analogous to Ohms law it can be expressed as: 

𝑍 =
𝑉𝑡

𝐼𝑡
=

∆𝑉

∆𝐼
     (10) 

Where  𝑉𝑡 = 𝑉𝑜𝑠𝑖𝑛 (𝜔𝑡) is the potential at time t, 𝑉𝑜 is the maximum amplitude of the signal, 𝜔 is 

the angular frequency.  𝐼𝑡 is the current in the form of 𝐼𝑡 = 𝐼𝑜𝑠𝑒𝑛 (𝜔𝑡 + 𝜑), 𝐼𝑜 is the amplitude of 

the signal that is shifted in phase by 𝜑.  It follows that: 
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𝑍 =
𝑉𝑡

𝐼𝑡
=

∆𝑉

∆𝐼
=

𝑉𝑜𝑠𝑖𝑛 (𝜔𝑡) 

𝐼𝑜𝑠𝑖𝑛 (𝜔𝑡−𝜑)
= 𝑍𝑜

𝑠𝑖𝑛 (𝜔𝑡) 

𝑠𝑖𝑛 (𝜔𝑡+𝜑)
     (11) 

By expressing the impedance as a complex function, the complex exponential voltages and 

currents become: 𝑉𝑡 = 𝑉𝑜𝑒𝑖𝜔𝑡 and 𝐼𝑡 = 𝐼𝑜𝑒(𝑖𝜔𝑡−𝜑) (6, 7),

𝑍 =
𝑉𝑡

𝐼𝑡
=

∆𝑉

∆𝐼
=

𝑉𝑜𝑒𝑖𝜔𝑡

𝐼𝑜𝑒(𝑖𝜔𝑡−𝜑) = 𝑍𝑜𝑒(𝑖𝜑) = 𝑍𝑜(𝑐𝑜𝑠𝜑 + 𝑖𝑠𝑖𝑛𝜑)      (12) 

The impedance of a capacitor is inversely proportional to the capacitance C and the angular 

frequency 𝜔. The capacitor has a phase angle of –π/2 radians. This phase angle is a result of the 

voltage delay that occurs in the capacitor, which is caused by the current required to build an 

electrostatic charge on the capacitor plates. This non-uniform charge distribution at the interface 

gives rise to the double-layer capacitance 𝐶𝑑𝑙, which characterizes a system that consists of two 

metals plates separated by an insulator (8). 

At this time, the analysis of a non-faradic reaction is presented because a non-

electrochemical reaction is present in pristine FeF2 cathodes and LiPON. In this case, the simple 

equivalent circuit of the system is a resistor in series with a double-layer capacitance, which is 

presented in figure 3-7. 

At low frequencies, the capacitive impedance is very high; and there is no voltage 

oscillation and the capacitor behaves like a strong resistor. However, at very high frequencies, the 

capacitive impedance is very low and becomes negligible. The vertical line-intercepting horizontal 

line (figure 3-7) 𝑍𝑟𝑒 = 𝑅, and the capacitance can be calculated as 𝐶 =
1

𝑍𝑖𝑚 𝜔
 (6). Expanding this 

analysis to a parallel combination of the resistor and capacitor, certain electrochemical processes 

can be analyzed. Figure 3-8 (a) shows the Nyquist impedance response and equivalent circuit. The 

semicircle represents the capacitive impedance of the 
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insulator layer.  The equivalent impedance of this circuit is (8): 

𝑍 =
1

1

𝑅
+𝑗𝜔𝐶𝑑𝑙

     (13) 

 Here, the capacitance can be calculated from the maximum frequency of 𝑊0 at the middle of the 

semicircle (Ф=π/4) as 𝐶 =
1

𝜔𝑜𝑅
. 

Figure 3-7. Nyquist diagram of the capacitor impedance response ideal for a non-faradic process 

(8, 9) 

Figure 3-8. Nyquist diagram of the impedance response (a) parallel combination of resistor (R) 

and capacitor (C), (b) constant phase elements (CPE) with a resistor (R). (10) 
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These previously-discussed approaches assume that the double layer behaves like an ideal 

capacitor (ideally-polarizable electrodes).  In systems that deviate from ideal conditions, the 

frequency dependence of the capacitance deviates from the expected vertical linear plot of –Z” vs 

Z’. (7).  The phase angle in these systems is <90°, and they are frequency independent. These 

deviations are associated with electrode interfacial behavior (roughness, degree of poly-

crystallinity) (11). This deviation from ideal capacitance behavior can be represented as a constant 

phase element (CPE) given by: 

𝑍𝐶𝑃𝐸 =
1

𝑇(𝑗𝑤)𝜑      (14) 

where the double-layer capacitance (Cdl) itself can be expressed as: 

𝐶𝑑𝑙 = √
𝑇

𝑅(𝜑−1)

𝜑

     (15) 

Here 𝜑 is the dispersion factor, related to the phase angle 𝜙 by 𝜑 (
𝜋

2
), and T is a constant 

representative of CPE (when  𝜑=1,T has the dimension of capacitance otherwise its dimension is 

Ω-1x jw-φ). The exponent 𝜑 is usually <1.  As 𝜑 approaches 1 this system corresponds to true 

capacitance behavior. 

The impedance of these systems is affected by the interaction of the frequency and reaction 

processes at the interface (or within a cell) that result in the change of frequencies.  Due to 

interfacial imperfections, a time-constant dispersion can be observed as a result of the variation of 

current (I) and voltage (V) at the electrode surface. This time constant represents the time required 

for charging a capacitor through a resistor given by the following relationship (7, 11) 

𝜏 = 𝑅𝐶      (16) 

This dispersion can be observed in the impedance spectra as a depressed semicircle that deviates 

from an ideal capacitor and is assigned to a CPE in the impedance analysis. This dispersion in the 
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dielectric medium of the system is related to the change in permittivity as a function of frequency 

of the applied electrical field. In the early 1940s, this dispersion in dielectric mediums was 

explained by S. Cole et al. (12) who related this dispersion phenomenon to energy storage and 

energy dissipation in the mechanisms of molecular interactions. 

3.8.1.3 Galvanostatic Measurements 

Cyclic voltammetry (CV) was performed on thin film batteries with FeF2 electrodes (400 

nm and 200 nm)/ and LiPON (1000 nm) solid electrolyte. The batteries had a coin cell 

configuration. The scan cycling rate (C-rate) was C/20.  The batteries were subjected to a single 

cycle and fifteen cycles. This C-rates was selected based on the literature where C/28 and C/20 are 

mostly used. The C-rate is the charge and discharge current rate. In other words, it is a 

measurement of the rate at which the battery is discharged relative to its cathode maximum specific 

capacity. For example, a 1C rate means the selected discharge current will discharge the battery 

completely in one hour. Similarly, a .5C will take two hours to discharge, a 2C will take half hour 

to discharge, and so on. We are using a potential window from 1V-4.5V (this potential window 

covers most of the potential windows reported in the literature), and C/20 means that it will take 

twenty hours to go from 4.5V to 1V during the discharge and another twenty hours to go back 

from 1V to 4.5V during the charge.  Depending on the film quality (its conductivity and if the 

conversion reaction proceeds to completion or not), the theoretical capacity of 571 mAh/g for FeF2

may be observed or not. A C-rate of C/20 for fifteen cycles means that the test should take about 

thirty days for completion. Nevertheless, it usually takes less time (two weeks to twenty days). 
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The data in the voltage profiles are presented in terms of the number of Li ions per FeF2 

molecular unit (x in LixFeF2) and capacity Q (mAh/g). The x in LixFeF2 was calculated using the 

following relationship (13): 

𝑥 = (
𝑄

𝐹
) ∗ (

𝑀

𝑚
)           (17) 

where Q is the capacity in the form of 𝑄 = 𝐼 × 𝑡, I is cycling current and t is the cycling time, F is 

the Faraday constant ((96485 A-s/mol)/(3600)=26801 mAh/mole), M is the molecular weight of 

FeF2 (93.841 g/moles of FeF2) and m is the active mass calculated from the density and volume of 

the  electrode. 

3.9  Structural and compositional characterization 

3.9.1 X-ray Diffraction 

X-ray diffraction (XRD) of the deposited FeF2 and LiPON thin films analysis was 

performed by using the 1.54056 Å Cu Kα1 line of a Rigaku Ultima III X-ray system.  Diffraction 

techniques use short wavelength to determine the atomic spacing of solids using Bragg’s Law (14) 

as follows, 

𝑛𝜆 =  2 𝑑ℎ𝑘𝑙 𝑠𝑖𝑛 𝜃      (18) 

where λ is the wavelength of the Cu-X-Rays, dhkl is the interplanar spacing, and n is the order of 

the reflection (1,2,3). Only constructive interference will satisfy Bragg’s Law for specific θ’s 

associated to a (hkl) plane. Additionally, a glancing angle of 0.5 - 5 degrees was used for FeF2 thin 

films to avoid information from the substrates. The grain size distribution was calculated using the 

Debye-Scherrer equation (15), 

L =
0.94λ

B cos θ
     (19) 
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where λ is the wavelength of the Cu-X-Rays (0.154 nm), B is the Full-Width at Half Maximum 

(FWHM) in radians, and L is the crystallite size. 

3.9.2 X-Ray Photoelectron Spectroscopy 

The composition and the chemical bond states of the materials were analyzed using a PHI 

5000 VersaProbeTM Scanning X-ray Microprobe Spectrometer. X-ray photoelectron 

spectroscopy (XPS) uses a monochromatic X-ray beam (Al Kα1, 1486.6eV) to probe the sample 

surface. To clean the surface of samples, Ar+ sputtering is used to eliminate adventitious carbon, 

hydrocarbons, and hydroxyls using (2 kV, 2 μA beam, 3 mm × 3 mm area, sputter rate ∼4 nm/min) 

for 5-10 s. The workfunction was determined by ultraviolet photoelectron spectroscopy (UPS) 

with a PHI 5000 Versaprobe UPS/XPS spectrometer using He-Iα 21.22 eV UV light. The samples 

were biased at -9 V dc in order to clearly observe the secondary electron cutoff, and a pure gold 

specimen was used as a reference to calibrate the workfunction of the spectrometer. The measured 

Au workfunction was 4.82 eV and the spectrometer workfunction was 8.91 eV.   The workfunction 

was determined according to: 

Φ=hν-ΔE      (20) 

where ΔE is the energy difference between the secondary electron cutoff and the spectrometer 

workfunction. 
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3.9.3 Transmission Electron Microscopy 

To characterize the morphology and structural evolution of FeF2, LiPON electrodes and 

FeF2/ LiPON interfaces, transmission electron microscope (TEM) was used.  TEM provides 

atomic scale characterization and a wide variety of imaging, diffraction, and analytical techniques. 

The TEM cross sectional specimens were made using a dual SEM/FIB with a Ga+ ion beam at 30 

kV and 50 pA (FIB). The films were milled to a thickness of less than 100 nm.  In TEM, a beam 

of highly focused electrons is directed toward a thinned specimen (<100nm), where it experiences 

inelastic and elastic scattering processes (16). Depending of the type of signal collected, different 

characterizations can be obtained. For example, elastic scattering allows the formation of 

diffraction patterns and the collection of images (dark field and bright field) because elastically 

scattered electrons are the mayor contributors to parameters such as contrast. On the other hand, 

inelastic scattering EELS allows analysis. Two different TEM instruments were used in this 

research. The structure and phase purity of the deposited FeF2 films was characterized using a 

JEOL 3000F field emission transmission electron microscope while the EELS spectroscopy 

analysis where performed using a Tecnai 200 KeV field emission transmission electron 

microscope (TEM) operating in STEM mode. The EELS spectra were collected with a Gatan 

Tridiem parallel spectrometer operating with an energy resolution of 2 eV at 200 KeV. 



56

3.9.4 Energy electron loss spectroscopy 

Energy Electron Loss Spectroscopy (EELS) have higher spatial (.2μm) and energy 

resolution (~2 meV) than optical techniques. This technique allows us to obtain information of 

band-to-band transition, specimen thickness and composition information. EELS involves the 

analysis of the energy distribution of inelastic scattering electrons after they have interacted with 

a specimen. Before the interaction, electrons are characterized by a wave vector 𝐾𝑜 = (
2𝜋

𝜆𝑜
) and 

energy 𝐸𝑜 . After ionization the wave vector is K and energy is 𝐸0 − 𝐸  where a momentum of 

𝑞 =  𝐾𝑜 − 𝐾 is transmitted to the specimen (17). From here, the ionization energy as a function of 

the scattering angle is obtained. Figure 3-9 is a summary description of the behavior of the electron 

interactions. 

EELS allows us to obtain information such as composition, band to band transitions and 

filled energy states of the system being probed. The EELS spectrum contains information over an 

extended energy-loss range from a few eV to ~1KeV (18). The low energy regions represent the 

interaction of the electron with weak bonds and outer shell electrons of the atom which result in 

valence and interband excitation. On the other hand, the high energy region characterizes core 

level ionization that results in clear and defined features. EELS spectra of the high-energy region 

were dominated by Iron (Fe) L3 and L2 lines. These peaks known as “white lines” are a result of 

are electron transitions from the spin-orbit split levels 2p3/2 and 2p1/2 to occupied 3d states above 

the Fermi level (from core electron to unoccupied state) (19). To determine the valence state of 

Fe, the intensity of L3 and L2 must be extracted accurately. This is because the EELS spectrum 

near the L32 edge is due to excitation to bonded states and excitation from the continuum (zero loss 

peak, plasmon , plural scattering effect) that distort the shape of the white lines. Various methods 

have been proposed for extracting the L3 and L2 line intensities (20-23). However, one of the 
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reliable extraction methods used for valence analysis presented by Cosandey et al, include (1) 

removal the effect of plural scattering by deconvolution of the zero loss region, (2) removing the 

background using a polynomial fit and (3) integration of L3 and L2 line intensities using a 4 eV 

window centered on the L line maxima (24). ELLS L3 and L2 extraction procedures are 

summarized in Figure 3-10. 

Figure 3-9. Electron ionization process from the k band.
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Figure 3-10 ELLS L3 and L2 extraction procedures: (a) Removal of the effect of plural scattering

by deconvolution of the zero loss region, (b) removing the background using a polynomial fit and 

(c) the integration of the L3 and L2 line intensities  using a 4 eV window centered on the L line 

maxima (25) 
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3.10 Optical Properties 

3.10.1 Photoluminescence 

 Photoluminescence (PL) is a nondestructive technique that allows the analysis of impurity 

and defect states within the band gap semiconductors (26). PL is characterized by the direct 

emission of light from a material due to optical excitation. Light with sufficient energy needs to 

be absorbed in order to create electronic interband excitations. A PL signal is generated when 

radiative relaxation occurs during the relaxation process to the ground state.  Photoluminescence 

excitation probes the optimal excitation for a given emission. Photoluminescence and 

photoluminescence excitation (PLE) characterization were performed at room temperature using 

a reconfigurable optical bench, which includes two Cornerstone MS257 monochromators, 

reflective optics, and a photomultiplier tube detector.  An ozone free quartz-tungsten-halogen lamp 

is the excitation source and lock-in detection is used to minimize background signals.  A schematic 

diagram of the setup is shown in Figure 3-10. 

Figure 3-11. Schematic diagram of photoluminescence measurements.
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3.11 Surface Profilometry 

The thickness of deposited films was measured with a Veeco Dektak 150 stylus 

profilometer with a vertical resolution of 6 Å in contact mode. By scanning the sample between 

the uncoated and coated areas, thickness was obtained. 
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CHAPTER 4 

RESULTS: THE PROPERTIES OF FEF2 AND LIPON  

4.1  Introduction 

Suitable thin film deposition conditions play an important role in the structural quality and 

performance of the film electrodes. The microstructures of the FeF2 and LiPON thin film electrodes 

depend on thin film deposition conditions, thickness and morphology, among other factors. 

Understanding the microstructures of the FeF2 and LiPON is necessary to obtain information that will 

allow them to be used in micro-batteries as electrodes. With regard to FeF2, understanding its electronic 

band structure is required to understand its electron transport properties. The structural, electrical, and 

optical properties of FeF2 and LiPON thin film electrodes are presented in this Chapter. 

4.2 Properties of FeF2 and LiPON Thin Film Electrodes by PLD and Reactive Sputtering 

4.2.1 Processing Optimization and Structural Properties 

4.2.1.1  FeF2 

The processing conditions (laser fluence, substrate temperature, frequency, and 

background pressure) readily allows control of the film microstructure ranging from randomly 

oriented nano-sized grains, to highly textured, large grained polycrystalline films. The processing-

structure relationships of as-deposited films provide insight to the starting condition of each layer 

before implementation in a battery. This processing is even more crucial when we are dealing with 

conversion materials such as FeF2 because the cathode experiences major structural changes with 

cycling. Appropriate deposition conditions should produce continuous, nanostructured films with 

good phase purity. For example, pores in the FeF2 thin film would lead to electrical shorts in a test 

structure or thin film battery, and poor contact between the FeF2 thin film and the current collector 
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will degrade charge outcoupling. Understanding the structural and chemical changes that 

accompany the phase transformation in conversion materials is central to understanding why these 

reactions are reversible in some materials, but in others they are not (1). This requires materials 

with good phase purity in order to correctly interpret the structural changes that accompany cycling 

and the lithiation/delithiation processes. For example, oxygen contamination of FeF2 during 

deposition may lead to the formation of oxyfluoride phases (FeOxF2-x) that complicate the 

interpretation of the cycling behavior as it involves an initial Li intercalation step followed by a 

conversion process where phases related to Fe, LiF, and a mixed phase of Li-Fe-O is formed (2). 

Similarly, the reaction pathways in FeF3 are different than in FeF2. 

FeF2 thin films were grown by pulsed laser deposition (PLD) on an oxide-etched Si (100) 

at a frequency of 10 Hz and a laser fluence of 8 J/cm2. Figure 4-1 shows the evolution of the FeF2 

thin film surface morphology with a laser fluence ranging from 100 mJ to 400 mJ (1.67 to 6.7 

J/cm2). As Table 1 shows, the percentage of porosity and average pore sizes both decreased as the 

deposition energy increased, and pore-free, dense films were obtained at 400 mJ (6.7 J/cm2). The 

grain size did not change substantially with increasing the laser fluence. The structure of the grown 

film depends on multiple factors such as the substrate quality and temperature, the rate and energies 

with which ablated species arrive at the surface, and the growth kinetics. Depending on these 

factors, the growth mode may be 3D island growth (Volmer-Weber growth), 2D full monolayer 

growth (Frank-van der Merwe growth), or a mixture of 2D and 3D growth (Stranski-Krastinov 

growth). Figure 4-1 and the representative transmission electron microscopy image in Figure 4-2 

suggest that the conditions used in this work resulted in 3D island growth. A qualitative correlation 

between the deposition conditions and resulting structure based on heterogeneous nucleation and 

growth theory follows. 
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The nucleation rate for 3D island growth can be defined as (3), 

𝑁𝑅 = 𝛼𝑛∗        (1) 

where α is proportional to the surface diffusion coefficient and the amount of mobile atoms on the 

surface, and  𝑛∗ is the concentration of critical nuclei on the growth surface:

𝑛∗ = 𝑛𝑜𝑒𝑥𝑝
(

−∆𝐺∗

𝐾𝐵𝑇
)

       (2) 

where ΔG* is the critical free energy of formation for stable nuclei, T is the substrate temperature, 

KB is the Boltzmann constant, and 𝑛𝑜 is related to the number of available sites for nucleation at 

the surface. For 3D growth to dominate, the volume free energy of vertical growth (ΔG*(V)) must be 

small compared to the free energy for lateral growth (ΔG*(L)), and Equation 1 may be rewritten as: 

𝑛∗(𝑉) = 𝑛𝑜𝑒𝑥𝑝
(

−𝛥𝐺∗(𝑉)

𝐾𝐵𝑇
)
   (3) 

The ratio of the free energy for 3D growth to the free energy for 2D growth (lateral, surface diffusion 

governed growth) is: 

𝛥𝐺∗ (𝑉)

𝛥𝐺∗(𝐿)
=

16

3
𝜎𝑓(𝜃)

ℎ∆𝐺𝑣
  (4) 

where σ is the nucleus surface free energy, h the nucleus height, f(θ) is the interface function, and 

ΔGv is the volume free energy of nucleus formation (4). ΔGv depends on the supersaturation ratios 

of the components of the binary compound and the compound free energy of formation (5). Based 

on Figure 4-1, which shows small grained, vertical 3D growth, the concentration of critical nuclei 

on the growth surface n*(V) is high, and small ΔG*(V) is required. Based on Equation 4 a small 

ΔG*(V) is obtained when ΔGv is large, and this is the case when the supersaturation of the growth 

surface and laser energy is high. As the deposition energy increased from 100 mJ to 400 mJ, the 



66

supersaturation of the surface increased; therefore, increasing  𝑛∗ and the number of columnar

grains that grew. The observed growth is governed by direct supersaturation from the PLD plume 

rather than by surface diffusion. The marginal grain size change for the films grown at different 

energies is consistent with 3D columnar growth governed by supersaturation of the surface. 

Table 4-1. 

SEM images porosity analysis of FeF2 thin films deposit at different energies. 

Film deposition energy 

(mJ)  

% Area of Porosity Average size of the 

pores (nm) 

Grain Size (nm) 

100 8.42 ~108 29.5 

300 7.92 ~85 30.5 

400 Pore free, dense 31.1 
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Figure 4-1. SEM images of the FeF2 thin films deposited at different energies (a) 100 mJ

(1.67 J/cm2), (b) 300 mJ (5 J/cm2), and (c) 400 mJ (6.7 J/cm2). The inset of (c) shows the 400 mJ 

film at higher magnification. 
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Figure 4-2. (a) Bright field TEM image of FeF2 film grown at 8 J/cm2 and 10 Hz on a Si substrate

at 400° C. (b) the corresponding dark field image of (a) showing the columnar grain structure. (c) 

SAED pattern representative of the FeF2 experimental (with rotation averaging shown in inset) 

and calculated (red lines). 
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These data suggest that surface diffusion plays an important role in the formation of critical nuclei, 

after which 3D growth dominates. XRD spectra shown in Figure 4-4 and 4-5 indicate that 

deposition energy has a marked impact on crystallinity and phase purity. These XRD results were 

quantified by defining the texture coefficient Tc(hkl), which is calculated by the following equation 

(6): 

𝑇
𝑐(ℎ𝑘𝑙)=

𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄

(1 𝑁⁄ ) [∑   𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄𝑁  ]

(5) 

where Tc(hkl) is the texture coefficient of the hkl plane, I(hkl) is the measured intensity, I0(hkl) is the 

relative intensity of the corresponding plane given in JCPDS data, and N is the number of 

diffraction peaks. From the texture coefficient calculated in equation 5, Tc is close to unity for 

randomly distributed planes, while Tc>1 when hkl plane is preferentially oriented. All of the films 

were polycrystalline with clear (110) texturing as shown in table 4-2. 

Table 4-2 

Texture coefficient of FeF2 deposited at 400°C. 

Texture coefficient Tc(110) Tc(101) Tc(111) 

FeF2 at 400°C 1.78 .46 .76 

The diffraction peaks at 26.7°, 33.1°, and 38.3° correspond to the (110), (101), and (111) family 

of planes in FeF2, respectively. The films processed at energies lower than 400 mJ were 
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characterized by an additional peak at 44.7° corresponding to Fe3O4. The intensity of this peak 

decreased as the deposition power increased and eventually disappeared at 400 mJ.  Given that 

there are 7.35 x 108 molecules of O2 available under a partial pressure of 2.1 x 10-8 Torr, we 

speculate that at 10-7 Torr there is sufficient residual oxygen to react with and be incorporated into 

the FeF2 at slower growth rates caused by lower laser fluence. At 400 mJ the high growth rate 

limits this process, and therefore iron oxide phases are not observed.  

Although oxide phases were not measured by XRD in the films grown at 400 mJ, the 

presence of atomic oxygen cannot be ruled out. We note that the general reversible reaction 

equation for FeF2 is: 

FeF2+2Li+2e-↔Fe+2LiF        (6) 

As earlier stated, phase purity is important because it directly relates to the phase 

conversion processes. In the case of oxygen contamination and oxyfluoride phases specifically, an 

initial Li intercalation step is involved, followed by conversion processes where Fe, LiF, and Li-

Fe-O phases are formed (2). The reaction for a full conversion of iron oxyfluoride can be expressed 

as: 

FeOxF2-x + (2+x) Li+ + (2+x) e-↔ (2-x)LiF + xLi2O + Fe0        (7) 

which shows that in addition to the structural differences, the expected capacity is also different. 
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Figure 4-3. XRD of FeF2 thin films deposited without substrate heating and at 400°C.

TEM and EELs of the 400 mJ films were performed to better understand their phase purity. 

Figure 4-2 shows a representative bright-field TEM image and the corresponding SAED pattern 

of the films processed at 400 mJ. The films exhibit rutile, tetragonal P42/mnm symmetry, and a 

columnar polycrystalline grain structure that is consistent with the XRD data. Electron energy loss 

spectroscopy (EELS) was performed across the thickness of the sample to determine elemental 
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composition. The elemental energy lines were calibrated with respect to the zero loss peak. The 

effect of plural scattering was removed by deconvolution of the zero loss region using 
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Figure 4-4. XRD spectra of FeF2 thin films deposits at different energies.
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Figure 4-5. XRD showing the dependence of the Fe3O4 phase on deposition energy.

a power law fitting profile. Details about the FeL3 and FeL2 extracting method have been explained 

in Chapter 3. As the EELS spectra of the FeF2 thin films in Figure 4-6a show, the high energy 

region is dominated by the iron FeL3 and FeL2 lines that are a result of electron transitions from the 

split 2p3/2 and 2p1/2 levels (by spin-orbital coupling) to unoccupied 3d states (7). The inset of Figure 

6a shows the Fe composition profile as a function of position. Figure 6b reveals that only a broad, 

ill-defined feature is observed at 532 eV, where a sharp OK peak is expected in the case of heavy 
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oxygen contamination or if oxyfluoride phases were formed. This indicates that some atomic 

oxygen is present. The peak position of the FeL3 and FeL2 lines are ~708±0.5 eV and ~721±0.5 eV, 

respectively. According to Aken et al, these peak positions correspond to the Fe2+ oxidation state, 

which is expected for FeF2  (7). No other oxidation states of Fe or FeF3 phases were detected. A 

chemical shift to higher binding energy is expected to accompany an increase in oxidation state 

for the 3d transition metals. For example, a shift of ~ 3.5eV has been observed for Fe3O4 (~725 

eV) (8). These results confirm that the deposition parameters reported produce FeF2 thin films with 

good phase purity. 
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Figure 4-6. Characteristic EELS spectra of FeF2 thin films grown at 400 mJ, (a) Fe L3 and L2 edges

and F K-edge, (b) O K-edge.  The inset of the figures shows the Fe composition profile as a 

function of position and an image of the corresponding profile. Spot 1 is closest to the surface and 

spot 5 is closest to the substrate. 
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4.2.1.2 LiPON 

 An ideal solid-state lithium electrolyte should have good ionic conductivity. Lithium 

phosphorus oxynitride solid electrolyte thin films were deposited using reactive RF magnetron 

sputtering of a Li3PO4 target under a N2 environment. Various parameters such as N2 deposition 

pressure, power density, and deposition flow rate were varied to obtain LiPON with high ionic 

conductivity. Some of these parameters are shown in Table 4-3.  The first set of films were 

deposited with a constant flow rate kept around 32 Standard Cubic Centimeters per Minute 

(SCCM) and a N2 pressure deposition of 15 mTorr. From the XPS chemical composition results, 

it was evident that not enough N2 was being incorporated into the film. Therefore, we decided to 

increase the N2 flow rate while keeping the deposition pressure constant (15 mTorr) to expose the 

film to more N2 species during processing. During this set of experiments, various flow rates were 

investigated to understand the effect on ionic conductivity. The influence of the N2 flow rate as a 

function of ionic conductivity and thickness is shown in Figure 4-7. As the flow rate increases, 

more N2 species are available in the deposition process. The relationship between ionic 

conductivity and power density was studied and is shown in Figure 4-8. A decrease in ionic 

conductivity is observed as RF power density increases. The reason for this is that as power density 

increases the deposition rate is increased. This results in poor incorporation of nitrogen into the 

film. These results agree with Y. Hamon et al.(9), and XPS analysis performed on the films 

supports this conclusion. The composition of LiPON determines its ionic conductivity and was 

analyzed by an X-ray photoelectron spectroscopy (XPS). Figure 4-9 shows the N1S XPS spectra 

of LiPON thin-films Li1.9PO3.3N.21 (2.5W/cm2). The spectra is characterized by a N peak located 

at ~397.1 eV, which according to literature (10, 11) corresponds to a double Nitrogen bond (P-
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N=P). The deposition conditions used here provide for the incorporation of N into the Li3PO4 film 

to produce Li1.9PO3.3N.21 and an ionic conductivity measurement of 1.43 X 10-6 Scm-1. 

Table 4-3 

Processing condition of LiPON 

Sample 

Li/P 

(±0.1) 

O/P 

(±0.1) 

N/P 

(±0.1) 

 Chemical 

Composition 

N pressure 

(mTorr) 

Rf power 

(W/cm2) 

θ 

(S/cm) 

~Thicknes

s (nm) 

Depositi
on flow 

rate 
(SCCM) 

LIPON 

48 1.9 3.3 0.21 Li1.9PO3.3N.21 15 2.5 1.43E-6 361 ~32 
LIPON 

47 2.1 3.7 0.16 Li2.1PO3.7N.16 15 3.4 1.39E-6 737 ~32 

LIPON 
49 2 3.7 0.12 Li2.0PO3.7N.12 15 4.5 1.70E-7 906 ~32 

LIPON 
50 1.9 3.6 0.07 Li1.9PO3.6N.07 15 5.5 3.02E-8 1556 ~32 
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Figure 4-7. Influence of Nitrogen flow rate on (a) ionic conductivity, (b) thickness.
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4.2.2 Electrical and Optical properties 

4.2.2.1 FeF2 

Figure 4-10 (a) is characteristic of the ultraviolet photoelectron spectra (UPS) that are 

obtained with 40.8 eV He-II excitation from cleaned surface, ~400 nm thick, pulsed-laser 

deposited FeF2 films without bias.  Starting with the high spin d6 ground state, photoionization 

will remove an electron from the Fe (Fe+2 to Fe+3) and the Tanabe-Sugano (12) d5 diagram applies. 

The d5 diagram indicates that the feature labeled A should be assigned to Fe 3d 6A1g sextet states, 

while the feature labeled B should be assigned to the 3d quartet manifold   (4T1g, 
4T2g, 

4A1g, 
4E(G)). 

The feature labeled C has been ascribed to F 2p valence states (13). Figure 4-10 (b) is the UPS 

spectrum obtained from the same sample spot using 21.22 eV He-Iα radiation. In this case, the 

sample was biased at -9V dc in order to observe and measure the secondary electron cutoff, which 

is necessary to determine the workfunction. As the comparison of Figures 4-10 (a) and 4-10 (b) 

shows, the same peak positions are observed in the spectra excited with He-II and He-Iα radiation, 

but the peak intensities are different. Based on a secondary electron cutoff of 7.8 eV and a 

spectrometer workfunction of 8.91 eV, the local workfunction of the FeF2 film was determined to 

be 4.51 eV. The measurement error is ±0.01 eV. For perspective, this is comparable to a 4.75 eV 

and 5.35 eV for wide bandgap SiC and AlN, respectively (14). 
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Figure 4-10. Ultraviolet photoelectron spectrum (UPS) of 400 nm thick PLD FeF2 film with (a)

He−II excitation (40.8 eV) and (b) He−I excitation (21.22 eV). The labels A and B indicate the Fe 

d5 sextet (6A1g) and quartet manifold (4T1g, 
4T2g, 

4A1g, 
4E (G)), respectively. The feature labeled C 

has been ascribed to F− 2p valence states. 

A workfunction of 4.51 eV suggested that the FeF2 was an n-type, and Hall measurements 

were performed on 400 nm thick films on glass substrates to determine the specific electrical 

characteristics.  Based on the general condition that Ohmic contacts require the workfunction of 

the metal to be smaller than that of the n-type semiconductor, indium (ΦIn =4.1 eV) was evaporated 

through a shadow mask, which produced Ohmic contacts in the FeF2 in the Van der Pauw contact 

arrangement. The room-temperature Hall measurements further confirmed that the as-deposited 

FeF2 was an n-type: the Hall coefficients were negative, electron mobility was 0.33cm2/V.s, and 

resistivity was 0.255 Ω cm. 

The photoluminescence spectrum of the 400 nm thick films on the Si substrates is presented 

in Figure 4-11. The emission is dominated by two strong, relatively narrow bands peaking at 390 

nm/3.18 eV and 430nm/2.92 eV, respectively.  The FWHM of the 390 nm peak is 23 nm, whereas 

the FWHM of the 430 nm band is 18 nm. A weaker, less defined band is observed around 475 

nm/2.61 eV. As the inset to Figure 4-11 shows, the 390 nm emission is optimally excited by 300 

nm/ 4.13 eV light, whereas the 430 nm emission is best excited by 330 nm/3.76 eV. The excitation 

maximum of the 475 nm band emission is at 365 nm/3.4 eV. Figure 4-12 is a Tauc (hνα)2 vs. hν 

plot that was obtained from optical absorption measurements of 120 nm thick films on glass.  An 

optical absorption edge of 3.4 eV is evident. Based on the UPS, PL, PLE, and optical absorption 

data, Figure 4-13 is a schematic diagram of the energy band structure of FeF2. 
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Figure 4-11. Photoluminescence (PL) spectrum of the FeF2 films. The inset shows the

photoluminescence excitation (PLE) spectra of the 390 nm and 430 nm emission peaks. 

Figure 4-12. Tauc plot from absorption measurements showing a bandgap of 3.4 eV.
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Figure 4-13. Schematic band diagram constructed from the UPS, PL, PLE, and absorption data.

The solid upward arrows show excitation, solid downward arrows are radiative relaxations, and 

the dashed downward arrows indicate non-radiative relations.  CB connotes conduction band and 

VB connotes valence band. 

As we observe in Figure 4-13 the two relatively shallow, narrow quasi bands, reside at 0.22 

eV and 0.48 eV below the conduction band edge and are responsible for the 390 nm and 430 nm 

photoluminescence, respectively.  Due to the vapor pressure difference between the F2 and Fe (15) 

we speculate that during processing fluorine vacancies are formed. These vacancies can be 

responsible for the donor bands and n-type conductivity. Our proposed defect equation to describe 

the possible contribution of the F vacancies to the n-type behavior is: 
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(𝐹𝑒𝐹2) →  2 𝑉𝐹
∙ + 𝐹2(𝑔) + 2𝑒′         (8)

where 𝑉𝐹
∙  acts as a donor, therefore, the formation of donor 𝑉𝐹

∙  defects can be responsible for the 

n-type conductivity measured in the as-deposited films. 

A Nyquist representation of EIS for the Cu/FeF2/Cu sandwich structure is shown in figure 

4-14. The measurements were taken from 1 Hz to 1MHz.  The circuit model assigned to this system 

consists of a resistance (R1) in series with a resistance (R2) and constant phase element (CPE1) that 

are in parallel as shown in the inset. At high frequency R1 represents the resistance of the Cu itself 

and the interfacial resistance which is due to the Schottky nature of the Cu/FeF2 contact and 

structural imperfections at the interface. This can be observed in figure 4-14, where the semicircle 

starts at ~ 38 Ω instead of zero. At high frequency, the change in polarity is so fast that the system 

does not experience any change, which is why the resistance is associated primarily with the 

electrode interface. Because of the buildup of electrons between the two Cu electrodes, a 

capacitance represented by a semicircle is observed when the frequency starts decreasing. At high 

frequency, the resistance (R2) and constant phase elements (CPE1) represent the capacitance and 

resistance associated with the bulk FeF2 and its interface with the blocking electrode. Constant 

phase elements (CPE1) are used instead of a capacitor to take into account any effect on the charge 

distribution in the bulk as well as the interface that cause a shift in the phase angle. When the 

frequency is sufficiently low, the system behaves like a DC and only information from the bulk is 

obtained, leading the fitting to deviate from the experimental data. The FeF2 bulk is characterized 

by a strong change in polarization at low frequency that deviates from an ideal capacitor. This 

deviation arises from the electron interaction with the FeF2 bulk grains and grain boundaries 

(Figure 4-1 c), that cause trapping and internal fields and subsequently change in polarization. The 

I-V measurements shown in Figure 4.15, also indicate charge trapping associated with the structure 
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of the FeF2.  EIS show a small resistance related to the interface of the blocking electrode 

(FeF2/Cu), which indicate that the FeF2 surface is rough and inhomogeneous. This structure is 

anticipated from the type of deposition used here (PLD). 
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Figure 4-14. Nyquist plot representation of impedance obtained from the Cu/FeF2/Cu sandwich

structure. 
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Figure 4-15. I-V characteristic of SS/FeF2 /Ag sandwich structure.
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4.2.2.2 LiPON 

A Nyquist representation of the Cu/LiPON/Cu sandwich structure is show in figure 4-16. 

R1 represents the resistance of the blocking electrode (Cu/LIPON). This resistance is associated 

with Cu because the semicircle starts forming at ~40 Ω in the real Z-axis and not at zero. The 

semicircle is attributed to the resistance (R) and capacitance (C) of the electrolyte (LIPON) and its 

interface with the blocking electrode while the linear portion is likely to be a diffusion process 

(16). The depressed semicircle represents an inhomogeneous charge distribution at the blocking 

electrode interface, which is related to interfacial imperfections such as roughness (17). When an 

insulating material (dielectric material) is placed in between parallel plates and a potential is 

applied, polarization occurs. Similar to our case, Chi-Lin Li et al (18) relates the semicircle to a 

delay in the linear response for a Li+-ion in the dielectric medium for Au/LIPON/Au sandwich 

structures. Because of the depressed semicircle that deviates from the ideal capacitor, constant 

phase elements (CPE1) are used instead of a capacitor. The depressed semicircle is a result of a 

phase angle shift. This deviation is due to material imperfections such as that cause trapping and 

localized fields that affect the ion transport and change the polarization. In addition, a Warburg 

element (Wo1) is connected in series with the resistance which describes the linear portion observed 

at low frequency in figure 4-16. This Warburg element describes ion diffusion or mass transport 

at low frequency (19) where the ions are able to follow the ac voltage.  

Ionic conductivity was measured by constructing Cu/LiPON/Cu sandwich structures and 

performing electrochemical impedance spectroscopy (EIS) as described in Chapter Three. A high 

ionic conductivity of 1.43E-6 Scm-1 was obtained using a power density of 2.5W/cm2 and a N2 flow 

rate of 32 SCCM as represented by a Bode plot in Figure 4-17. Ionic conductivity was calculated 

using the follow relationship (20), 
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𝜎 =
𝑑

𝐴

𝑅
       (9) 

where d is the film thickness, A is the metal contact area, and R is the film resistance 

determined from the measured impedance by using the value of real part of the impedance (Re(Z)) 

at the frequency at which imaginary impedance (–Im(Z)) goes to a minimum. 

Figure 4-16. Nyquist plot representation of impedance obtained from the Cu/Lipon/Cu sandwich

structure. 
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Figure 4-17. Impedance spectra of LiPON thin film deposited using an Rf power density of

2.5 W/cm-2 and a target separation of 7.5 cm. 
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4.3 Conclusions: Processing Optimization, Structural Properties, Electrical and Optical 

Properties of FeF2 and LiPON electrolytes. 

FeF2 thin films were successfully grown by pulsed laser deposition. The processing 

conditions were optimized in order to obtain good crystallinity and phase purity, and those 

conditions were presented here. The results indicate that substrate temperatures play an important 

role in the diffusion necessary for the formation of stable critical nuclei and that growth is 3D and 

governed by supersaturation of the surface. Films produced at 400 mJ with the highest 

supersaturation did not show the presence of iron oxide phases, presumably due to the fast growth 

rate, which is not favorable to oxygen incorporation. EELS analysis confirm that the 400 mJ 

deposition parameters produce FeF2 thin films with good phase purity and very little oxygen 

contamination. Electrical and optical measurements indicate that FeF2 is a direct bandgap, n-type 

semiconductor with a bandgap of 3.4 eV, a workfunction of ~4.51- 4.66 eV, and an effective Fermi 

level that resides approximately 0.22 eV below the conduction band edge. Two relatively shallow, 

narrow quasi bands, which are presumably due to structural defects, reside at 0.22 eV and 0.48 eV 

below the conduction band edge and are responsible for the 390 nm and 430 nm 

photoluminescence, respectively. We hypothesize that these two bands, in particular that at 0.22 

eV, serve as shallow donor levels and are responsible for the measured n-type conductivity. The 

broader, less well-defined photoluminescence feature at 475 nm apparently originates from a 

deeper-lying, broader defect band. EIS has been performed on FeF2 and LiPON sandwiched 

between two Cu electrodes, forming a parallel plate capacitor. The EIS for the FeF2 films shows 

an strong polarization at low frequency that cause a deviation from ideal capacitor. This deviation 

arises from the electron interaction with the FeF2 bulk grains and grain boundaries that cause 

trapping and internal fields and subsequently change in polarization. EIS show a small resistance 
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related to the interface of the blocking electrode (FeF2/Cu), which indicate that the FeF2 surface is 

rough and inhomogeneous. The SEI for the LiPON thin films shows a depressed semicircle due to 

material imperfections such as that cause trapping and localized fields that affect the ion transport 

and change the polarization.  Results indicates that the ionic conductivity of LiPON, depends on 

the amount of Nitrogen incorporated in to the film during processing. The highest ionic 

conductivity of 1.43E-6 Scm-1, were obtained for LiPON with a chemical composition of 

Li1.9PO3.3N.21. These results were acquired using a power density of 2.5Wcm-2, a N2 pressure of 

15 mTorr, a deposition rate of 32 SCCM, and a substrate distance of 7.5 cm. 
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  CHAPTER 5 

RESULTS: THIN FILM MICROBATTERIES 

5.1  Introduction 

Thin film microbatteries have been prepared using a FeF2 conversion cathode and LiPON 

solid electrolyte by PLD and RF magnetron sputtering. While some groups reveal important 

insights into the morphology and kinetics of metal fluorides, multiple aspects of the local 

chemistry, such as the large intrinsic hysteresis that forms during reconversion and the effect of 

phase formation on electron and ion motilities and subsequent drop in capacity, remain unclear. 

This chapter will elaborate on the electrical and microstructural characterization of FeF2, LiPON, 

and the electrode−electrolyte interface (SEI) in order to provide insight into the kinetics, and the 

correlation with capacity fade after lithiation. As described in chapter 2, battery life cycle is 

affected by the SEI growth as result of electrolyte decomposition and new phase formation. For 

that reason focus is placed on the relationship between electrolyte and electrode decomposition, 

and poor cycling performance using our thin film platform. The data from the FeF2/LiPON thin 

film batteries study will be organized as follows: the interface microstructural characterization of 

the pristine film, prior to lithiation, which will serve as the control specimen is presented first; the 

interface microstructural characterization of the thin film battery prepared with a FeF2 thickness of 

400 nm for a single-cycle and 15-cycles, in a delithiated state is presented; and, finally,  the 

interface microstructural characterization of thin film batteries prepared with a FeF2 thickness of 

200 nm for a single-cycle and 15-cycles, in lithiated and delithiated states is described. 
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5.2 Pristine Film-FeF2/LiPON 

Microstructural characterization at different locations of the pristine (prior to lithiation) 

FeF2/LiPON interface was performed in order to characterize the control, as-deposited interface. 

The as-deposited FeF2/LiPON interface is shown in Figure 5-1(a). The as-deposited LiPON is 

nanocrystalline, and the selected area electron diffraction (SAED) indicated that it is dominated 

by LiP and Li3PO4 phase, as is shown in Figure 5-1(b). The as-deposited FeF2 films are 

polycrystalline (Figure 5-1(c)), and the experimental SAED pattern representative of the FeF2 

regions classify its structure as tetragonal P42/mnm symmetry, which is  in agreement with the 

previously reported structure of pulsed laser deposited FeF2 films (1). FeF2 and LiPON were 

identified by d-spacing comparison using the Joint Committee on Powder Diffraction Standards 

(JCPDS) files. Figure 5-1(d) and (e) show high resolution images of the FeF2 and LiPON crystal 

domains. These images are presented in Figure 5-1 (d) and (e) and support the previously 

mentioned SAED results. Figure 5-2 shows a representative particle size distribution of the pristine 

film at the interface and away (~50 nm) from the interface, and reveals an average particle size of 

~4.4 nm for both areas of the sample. 
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Figure 5-1. Microstructural characterization of the FeF2/LiPON interface of the pristine film (a).

Representative SAED pattern of: (b) LiPON, (c) FeF2, and high resolution images of (d) FeF2 and 

(e) LiPON. 
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Figure 5.2. Particle size distribution of the pristine film. (a) At the interface, (b) away from the

interface. 
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5.3  (400 nm)-FeF2/LiPON 

 5.3.1 Single-cycle (delithiated) 

Galvanostatic cycling was performed on the FeF2/LiPON thin film batteries at a C-rate of 

C/20 for 1 cycle and 15 cycles using a coin cell configuration in order to understand the SEI and 

adjacent cathode in its lithiated and delithiated state. The discharge-charge curve for FeF2/LiPON 

cycled once is shown in Figure 5-3. This profile is characterized by a redox plateau around ~1.3 V 

and a specific capacity of ~415 mAh/g. The ~415 mAh/g corresponded to 72.6% of the theoretical 

delithiation specific capacity of ~571.2 mAh/g. According to theoretical values, it will take 2Li 

per formula unit for a complete reduction from Fe2+ to Fe0 in the FeF2. The opening observed in 

Figure 5-3 is a hysteresis phenomenon. As discussed by Cabana et al (2), the hysteresis could be 

due to a variety of factors, including electrode conductivity, interfacial thermodynamics, 

reaction pathways, and mobility of chemical species during the phase conversion. However, 

further research is needed to understand this behavior. The high interfacial resistance and 

reduced ionic conductivity associated with solid electrolytes and the binder free nanostructured 

FeF2 film probably exacerbated the hysteresis. The observed plateau ~1.3 V has been ascribed to 

the conversion from Fe2+ to Fe0 that starts at ~1.57V (10). 
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Figure 5-3. Voltage profile curve for the single-cycle delithiated 400 nm FeF2/LiPON film.

Figure 5-4 shows the SAED of the 400 nm FeF2/LiPON film after single-cycle delithiated 

from the LiPON and FeF2 regions. The SAED indicates that LiPON is characterized by Li3PO4 

and LiP, as observed in the pristine film. A decrease in FeF2 particle size at the interface is observed 

after one cycle from 3.9 ± 1 nm away from the interface to 1.8 ± 1 nm at the interface, as shown 

in Table 5-1. The reduced size of the particles is attributed to the difference in mobility between 

Li and Fe; with Li being more mobile, Fe2+ is immediately reduced to Fe0, which precipitates 

locally without diffusing (3). Figure 5.5 shows the particle size distribution of the 400 nm FeF2 in 

its delithiated state after a single cycle. After one cycle the particles at the interface decreased to 

1.8 ± 1 nm, accounting for a 60% particle reduction compared to the pristine film. At the interface 

particles of 1-2 ± 1 nm size range dominate, while away from the interface particles in the 3-4 ± 1 

nm size range are dominant. The average size distribution is shown in Table 5-1. 
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Figure 5-4. Microstructural characterization of the (400 nm) FeF2/LiPON interface of single-cycle

delithiated film. Representative SAED pattern of (b) LiPON and (c) FeF2. 
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Figure 5-5. Particle size distribution of the 400 nm FeF2/LiPON single cycles delithiated. (a) At

the interface, (b) away from the interface. 
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Table 5-1. 

Particle size analysis of 400 nm pristine, single-cycle and 15cycle delithiated films. 

FeF2 

Average 

particle size 

(nm) ±1 

Difference between 

particles at the 

interface and away 

from the interface 

(%) 

Difference between 

particles at the interface 

compare to pristine film 

(%) 

Pristine 
At the 

interface 4.4 
Away from 

Interface 4.4 
Single cycle 

delithiated 
At the 

interface 1.8 54% reduction 60% reduction 
Away from 

Interface 3.9 
15 cycles-

delithiated 
At the 

interface 1.6 58% reduction 64% reduction 
Away from 

Interface 3.8 

EELS analysis was conducted across the FeF2/LiPON interface, starting from position 1 

(LiPON) to position 5 (FeF2) as shown in Figure 5-6. At position 1 and 2, the spectrum is 

characterized by a broad peak that is composed of a LiK peaks located around ~60.8 eV. Additional 

features located at ~65 eV and 69 eV corresponds to Li2O or LiOH and LiK respectively (4). At 

the interface (position 3), Fe M23-edges appeared at ~56 eV and became a broader peak at position 

4 and 5. Our results are in agreement with previous research that show FE M23-edges located ~56 

eV and ~57 eV (5, 6) 
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5.3.2 15-cycles (delithiated) 

A new cell was fabricated for the 15 cycle experiments.  The plateau observed in the singly 

cycled specimen is no longer observed after the 15th cycle, as shown in Figure 5-7. The lithiation 

capacity of ~96 mAh/g corresponds to a ~80% capacity loss after 15 cycles (compared to 493 

mAh/g after the first cycle for this cell). After 15 cycles, only ~.33 mol of lithium were reacting 

with the FeF2 and the redox potential decreased to ~1.22V, suggesting that a) the amount of FeF2 

participating in the conversion process had been significantly reduced compared to the first cycle 

and b) the phase fraction of FeF2 participating was approaching a static, “equilibrium” value. 

Figure 5-8 shows the SAED of the delithiated 400 nm FeF2/LiPON structure after 15 cycles 

taken at different locations. The LiPON SAED is similar to that observed for the pristine film and 

the film after one cycle. Related to the FeF2 section of the sample, although LiF is present in the 

cycled electrodes (see discussion below), LiF reflections were not detected  by SAED due to the 

lower scattering factor and lower crystallinity, compared to Fe and FeF2 (7).  As shown in Table 

5-1 a decrease in FeF2 particle size is also observed after 15 cycles. A reduction to 1.6 ± 1 nm was 

measured at the interface, and to 3.8 ± 1 nm away from the interface. At the interface this represents 

a 54% and 58% FeF2 particle size reduction for singly-cycled and 15 cycles respectively (compared 

to the pristine specimen). Figure 5.9 shows the particle size distribution of the 400 nm FeF2 in its 

delithiated condition after 15 cycles. At the interface particles of 1-2 ± 1 nm size range dominate, 

while away from the interface particles of 3-4 ± 1 nm size range are dominant. The average size 

distribution is shown in Table 5-1. 

The EELS analysis for the 15-cycle delithiated FeF2/LiPON is provided in Figure 5-10. 

The EELS taken at position 1 and 2 in the LiPON showed a peak around 60.0 eV corresponding 

to LiK and a feature ~65 eV that corresponds to Li2O or LiOH. At positions 3 and 4 taken in the 
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FeF2, the LiK peak is shifted to a high binding energy of ~61.5 eV, an indication of LiF formation. 

Since the analysis was conducted in a charged state (delithiated), the presence of LiF is indicative 

of incomplete conversion. This incomplete conversion results in a) a smaller phase fraction of FeF2 

participating in the conversion process and b) the formation of LiF which is resistive to both 

electron and ion transport. The result is the observed drastic drop in capacity after 15 cycles. 
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Figure 5-7. Voltage profile curve for the delithiated 400 nm FeF2/LiPON film after 15 cycles.
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Figure 5-8. Microstructural characterization of the delithiated 400 nm FeF2/LiPON interface after

15 cycles. Representative SAED pattern of (b) LiPON and (c) FeF2. 
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Figure 5-10. Representative EELS spectrum in the low energy region showing the chemical 

evolution across delithiated 400 nm FeF2/LiPON film cycled 15 times. 

The interface “reaction zone” as a function of cycling is shown in Figure 5-11. As indicated 

in Table 5-2, compared to a single cycle, the reaction zone in the FeF2 increased from 26.5 ± 1.5 

nm to 34.5 ± 1.5 nm after 15 cycles. When considered together with the capacity as a function 

cycles shown in Figure 5-12, it suggests that much of the structural change underpinning the 

electrochemical performance occurs is the first few cycles.  From Figure 5-12 a dramatic drop in 

capacity from ~ 493 mAh/g to ~ 167 mAh/g is observed after the first cycle. From the EELS 

analysis we have determined that an incomplete conversion reaction, resulting in unconverted LiF, 

is responsible for the capacity fade observed. 
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Figure 5-11. HRTEM bright field image of the 400 nm FeF2/LiPON interface reaction zone. (a)

single cycle and (b) 15 cycles. Red lines represents the reaction zone. 
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Table 5-2.  

Measurement of the interfacial reaction zone of the single-cycle, and 15-cycle delithiated films. 

Interface reaction zone (nm) ± 1.5 

400 nm-1 cycle-delithiated ~26.3 

400 nm-15 cycle-delithiated ~34.5 
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Figure 5-12. Galvanostatic cycling of the 400 nm FeF2/LiPON for 15 cycles showing the capacity

change as function of cycle number. The inset shows an expanded view of capacity change as a 

function of cycle number after the first cycle. 
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5.3.3 Valence state of Fe (400 nm FeF2/LiPON films) 

For a better understanding of the electrode’s structural evolution, it is essential to determine 

the valence state (oxidation states) of Fe, since this provides insight to the presence or not of LiF 

phases that are not conductive to electron or ion transport and therefore impacts electrochemical 

performance. The presence of Fe0 infers the presence of LiF. The valence states of the transition 

element were measured to quantitatively monitor the chemical state of Fe during the charge and 

discharge process. As shown in Figure 5-13, EELS spectra of the high-energy region were 

dominated by Iron (Fe) L3 and L2 lines. These peak knows as “white lines” observed in the EELS 

spectra are electron transition from the spin-orbit split levels 2p3/2 and 2p1/2 to an occupied 3d state 

above the Fermi level (from core electron to unoccupied state) (8). More specifically the L3 and L2

lines are transitions from 2p3/2→3d3/23d5/2 and 2p1/2→3d3/2 (9). The line spectra intensity is 

governed by the 2p→3d transition (10). These line intensities are a measure of the localized hole 

in 3d state around the transition metal and its ratio (L3/L2) provide us information of the interaction 

between the 2p core-hole and 3d electrons (10). The white lines intensity are directed correlated 

to the d band occupancy. For example, Saifullah et al, shows that by increasing the electron dose 

the d band occupancy increased, and as a result the higher dose changed the average ionization 

state of ions from Fe3+ to Fe2+ (11). Furthermore, the L3/L2 relative intensity ratio is strongly 

dependent on the d- band state and, therefore, on the valence state of the transition element (8, 12). 

In addition, the sum of L3+L2 measures the unoccupied states, in other words the total L3+L2 

intensities decrease with increasing d-band occupancy (12). To determine the valence state of Fe, 

the intensity of L3 and L2 must be accurately determined. The background of the L3 and L2 peaks 

were removed by using a polynomial fit described elsewhere (12). 
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 Table 5-3 shows the Fe L3/L2 integrated line intensity ratio and the L3+L2 sum of pristine, 

singly-cycled, and 15-cycle samples obtained at different positions across the FeF2/LiPON 

interface of the thin film battery. The transition element in the pristine sample shows a stable 

integrated intensity ratio of 4.0 ±.4 across the interface and further into the cathode. This indicates 

that Fe in the FeF2 cathode is in the Fe2+ oxidation state, as expected in such films. After the single 

cycle and 15 cycles the L3/L2 integrated line intensity ratios decrease, which indicates a decrease 

in oxidation state. 
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Figure 5-13 Representative EELS spectrum in the high energy region showing the chemical

evolution across the delithiated 400 nm FeF2/LiPON interface of (a) pristine film, (b) single-cycle, 

and (c) 15 cycles. 
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Table 5-3. 

Fe L3/L2 integrated line intensity ratio and the L3+L2 sum, of pristine, 1-cycle and 15-cycle film 
obtained at different positions across the interface of the FeF2 /LiPON thin film battery. 

Pristine 1 cycle delithiated 15 cycle delithiated 

Integrated line 

intensity ratio      

(L3/L2) ± 0.4 

L3+L2 
Integrated line 

intensity ratio      

(L3/L2) ± 0.4 

L3+L2 
Integrated line 

intensity ratio      

(L3/L2) ± 0.4 

L3+L2 

LiPON (pos1) 

LiPON (pos2) 

LiPON/FeF2 

(pos3) 4.2 
4648 3.1 7102 3.2 5133 

FeF2 (pos4) 4.1 7719 3.1 14568 3.2 13329 

FeF2 (pos5) 4.0 8756 3.1 15938 3.1 26519 

5.3.4 (400nm)-FeF2/LiPON-Discussion 

400 nm FeF2/LiPON thin film batteries were constructed and the microstructural evolution 

of the electrode/electrolyte interface analyzed after single and 15 cycles, in the charged state 

(delithiated). For the film cycled once, ~415 mAh/g was obtained which corresponded to 72.6% 

of the theoretical delithiation specific capacity. A large hysteresis was observed, which, according 

to Cabana et al (2), could be due to a variety of factors including electrode conductivity, 

interfacial thermodynamics, reaction pathways, and mobility of chemical species during the 

phase conversion. The observed plateau of ~1.3 V can be ascribed to the conversion of Fe2+ to 

Fe0 that started at ~1.57V.  The capacity loss after for sample cycled 15 times was 70.3%, and 

compared to the samples cycled once the particle size did not change substantially. 

HRTEM reveals FeF2 particle sizes of 4.4 ± 1 nm away from the interface and 1.8 ± 1 nm 

at the interface after one cycle, and of 3.9 ± 1 nm away from the interface and 1.6 ± 1 nm near the 
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interface after 15 cycles. This size particle decrease was attributed to factors that limit the 

reconversion of LiF and Fe0 back to FeF2. Rangan, S et al, attributed the reduced size of the 

particles to the difference in mobility between Li and Fe; with Li being more mobile, Fe2+ is 

immediately reduced to Fe0, which precipitates locally without diffusing (3). It is clear that the 

particle decrease results from the phase transformation process during cycling, and to study its 

correlation with the capacity fade EELS spectroscopy was performed. 

Chemical decomposition of the electrolyte was not observed, although it appeared to 

become more amorphous. As indicated in Table 5-2, after the 15 cycles, the reaction zone increased 

from 26.5 ± 1.5 nm to 34.5 ± 1 nm compared to a singly cycled film. The capacity as function of 

cycles shows a drastic capacity fade after the first cycle. This capacity fades continues after the 

first cycle in a significantly less pronounced way. From the EELS analysis we propose that the 

incomplete conversion of LiF and Fe back to FeF2, is responsible for the capacity fade observed. 

The presence of LiF which is not conductive to electrons or ions was inferred from the presence 

of Fe0.  

Valence states (oxidation states) were investigated by analyzing the high energy EELS 

spectra. The integrated intensity ratio decrease of the Fe L3+L2 was consistent with the formation 

of Fe0.   While previous reports on composite electrodes (power in binder) show that a decrease in 

particle size reduced ion/electron transport distance and increased surface area, which facilitated 

conversion reaction kinetics and improved the electrochemical cycling performance of FeF2 (9), 

in this case the more insulating behavior of the LiF disrupted the Li access to the cathode and 

subsequently capacity is negatively affected as we observed. The HRTEM shows abrupt interfaces 

which indicates that the PLD and RF deposition techniques were adequate for fabrication of the 

structure. However, the TEM image indicated that only ~230 nm of the 400 nm film was involved 
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in the lithiation process, as pictured in Figure 5-14. Given that electron transport through the 

unreacted FeF2 undoubtedly adds complexity to understanding the data, further studies limited the 

thickness of the FeF2 to 200 nm in subsequent test structures. 

Figure 5-14. LRTEM bright field image of 400 nm FeF2/LiPON thin films, indicating the portion

of the film that is participating in the lithiation process. 
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5.4 (200nm)-FeF2/LiPON 

5.4.1 Single-cycle lithiated and delithiated 

For consistency, the lithiated film will be called single-cycle lithiated, although, in fact, the 

cycle was stopped half way through the cycle in order to maintain the cathode in the lithiated 

(discharge) state. The galvanostatic cycling curve for the single-cycled film lithiated is shown in 

Figure 5-15. The profile was characterized by a plateau around ~1.47 V and a specific capacity of 

~930 mAh/g. This plateau is the footprint of the conversion process and its length represents the 

amount of electrons needed for a complete reduction. Through the discharge, the film exhibited a 

larger capacity that corresponded to an uptake of ~3.25 Li per FeF2 molecular unit (LixFeF2). This 

was a larger capacity than the theoretical value of 2Li per formula unit for a complete reduction of 

Fe2+ to Fe0 in the FeF2. We speculate that formation of an unknown phase or contamination of the 

electrode may be correlated with the observed extra capacity. Tarascon et al have ascribed extra 

capacity of FeF2 cells with liquid electrolyte to contamination of the electrode material (1). 

However, it is evident that the thickness of the active cathode played an important role in the 

capacity of the thin film battery. The reason of this behavior is that the thicker active cathode 

produced a longer transport path for the electrons to travel before reaching the current collector. 

As a result, the electrons encounter more incoherent scattering along its pathway. Figure 5-16 

presents the SAED of the lithiated 200 nm FeF2/LiPON film after a single cycle. Similar to the 

delithiated 200 nm FeF2/LiPON films, the LiPON near and far away from the interface was 

dominated by diffraction that corresponded to LiP and Li3PO4 planes. At the interface, diffraction 

corresponding to FeF2 and Fe was observed in addition to the LiPON. For the FeF2, the diffraction 

represented polycrystalline FeF2 planes analogous to a rutile structure (tetragonal P42/mnm). 

Figure 5.17 shows the particle size distribution of the 200 nm FeF2 single cycle lithiated. 

The particles at the interface decreased to 1.5 ±1 nm, accounting for a 62% particle reduction 
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compared to the pristine film. At the interface particles of 1-2 ±1 nm size range dominate while 

away from the interface particles in the 3-4 ±1 nm size range are dominant. The average size 

distribution is shown in Table 5-4. As discussed earlier, the particle reduction occurs during the 

conversion reaction over the first discharge FeF2 +2e-+2Li+↔Fe +LiF. The EELS spectra were 

characterized by Fe M23 edges located at ~57.1eV, as shown in Figure 5-18. The Fe M23 edge 

began to appear at the FeF2/LiPON interface and grew further in the FeF2 film. The EELS spectra 

were acquired across the FeF2/LiPON interface, starting from position 1 (LiPON) and ending at 

position 5 (FeF2) as shown in Figure 5-18. At position 1 and 2, the EELS were dominated by 2 

LiK peaks located around 60 eV and 69 eV. In addition, a feature at ~65 eV observed can be 

attributed to Li2O or LiOH. At the interface (position 3), the EELS spectra was characterized by 

Fe broad M23-edges located at ~58 eV.  A feature ascribed to LiF formation at ~61.5 eV is also 

observed. 
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123

Figure 5-16. Microstructure characterization of the FeF2/LiPON interface of single-cycle lithiated

film. Representative SAED pattern of (b) LiPON and (c) FeF2. 
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Table 5-4.

 Particle analysis of 200 nm eF2/LiPON film cycled once, lithiated, and delithiated. 

FeF2 

Average 

particle 

size ±1 

(nm) 

Difference 

between 

particles at the 

interface and 

away from the 

interface (%) 

Difference 

between 

particles at the 

interface 

compare to 

pristine film (%) 

Pristine At the interface 4.4 

Away from 

interface 4.4 

Single cycle 

lithiated At the interface 1.5 62% reduction 65% reduction 

Away from 

interface 4.0 

Single cycle 

delithiated At the interface 1.2 70% reduction 73% reduction 

Away from 

interface 4.0 

Fifteen cycle 

lithiated At the interface 1.1 69% reduction 75% reduction 

Away from 

interface 3.5 

Fifteen cycle 

delithiated At the interface 1.2 63% reduction 73% reduction 

Away from 

interface 3.5 

The discharge-charge curve for the cycled once delithiated film is shown in Figure 5-19. 

This was obtained with a new test cell.  The single-cycle delithiated profile is characterized by a 

redox plateau around ~1.47 V and a specific capacity of ~ 750mAh/g. During the first discharge, 

the film exhibited a larger capacity corresponding to an uptake of ~2.64 Li per FeF2 molecular unit 

(LixFeF2).This is less than with the lithiated film, which can be attributed to the cell construction 

or other factors that affect the battery capacity such as oxides phases. The experimental SAED 

profile of the LiPON after a single cycle is shown in Figure 5-20b. Similar to pristine case, it is 

dominated by diffraction from LiP and Li3PO4 phases. After delithiation, the microstructure of the 
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FeF2 changed as indicated in Figure 5-20c. Similar to the lithiated film, the grain size was reduced 

significantly at the interface as shown in Table 5-4. After delithiation, the particles at the interface 

were reduced to an average size of 1.2 ±1 nm, which compares to 1.5 ±1 nm after lithiation and 4.4 

±1 nm for the pristine film. This is a 70% particle size reduction compared to the pristine film. 

Away from the interface, the particle size was nearly the same 4.0 ±1 nm. Figure 5.21 shows the 

particle size distribution of the 200 nm FeF2 single cycle delithiated. At the interface particles of 

1-2 ±1 nm size range dominate, while away from the interface particles of 3-4 ±1 nm size range 

are dominant. The EELS spectra were characterized by Fe M23 edges located at ~57.5eV, as noted 

in Figure 5-22.The small bump that appears at the interface located at ~61.3eV can be ascribed to 

LiF. This is an early indication that not all LiF convert back to FeF2 (LiF+Fe0→FeF2) during 

delithiation. In addition a feature observed at ~65.1 eV can be attributed to Li2O or LiOH. 
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Figure 5-19. Voltage profile curve for 200 nm FeF2/LiPON single-cycle delithiated.
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Figure 5-20. Microstructure characterization of the FeF2/LiPON interface of single-cycle

delithiated film. Representative SAED pattern of (b) LiPON and (c) FeF2. 
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Figure 5-21. Particle size distribution of the 200 nm FeF2/LiPON single cycles delithiated. (a) At

the interface, (b) away from the interface 
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5.4.2 15 cycles lithiated and non lithiated 

The galvanostatic cycling curve for the 15 cycle film (lithiated), shows a specific capacity 

of ~267 mAh/g as is represented in Figure 5-23.  This is clearly a dramatic drop in capacity when 

compared to the singly cycled lithiated film (~930 mAh/g). Figure 5-24 is the SAED of the sample. 

After 15 cycles the LiPON became amorphous at the interface as Figure 5-24 and 5-24 b show. 

Note that nanocrystalline domains are still present in the LiPON away from the interface as is 

shown in the TEM image Figure 5-24 a) and SAED Figure 5-24 b). Although the interfacial regions 

of the LiPON appeared to become amorphous, EELS analysis (presented below) did not reveal 

decomposition of the electrolyte. For the FeF2, the diffraction represented polycrystalline FeF2 

planes analogous to a rutile structure (tetragonal P42/mnm) and Fe diffractions which are expected 

because of the conversion process. The 15 cycles lithiated film exhibit a 69% particle reduction at 

the interface compared to the bulk (regions away from the interface). Figure 5-25 shows the 

particle size distribution of the lithiated 200 nm FeF2 cycled 15 times. The particles at the interface 

decrease to 1.1 ±1 nm, accounting for a 75% particles reduction compared to pristine films. At the 

interface particles of 1-2 ±1 nm size range dominate, while away from the interface particles of 3-

4 ±1 nm size range are dominant. The average size distribution is shown in Table 5-4. EELS spectra 

were acquired across the FeF2/LiPON interface, starting from position 1 (LiPON) to position 5 

(FeF2) as shown in Figure 5-26. At position 1 and 2, the EELS was dominated by 2 LiK peaks 

located around 60 eV and 69 eV. At the interface (position 3), the EELS spectra was characterized 

by Fe broad M23-edges located at ~55 eV and by 2 LiK peaks located around 60 eV. At positions 

4 and 5 the spectra were dominated by a LiF peak located ~ 61.3 eV. 
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Figure 5-24. Microstructure characterization of the FeF2/LiPON interface of 15 cycles lithiated

film. Representative SAED pattern of (b) LiPON away from interface, (c) LiPON at the interface 

and (d) FeF2. 
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Figure 5-25 Particle size distribution of the 200 nm FeF2/LiPON 15 cycles lithiated. (a) At the

interface, (b) away from the interface 
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Figure 5-26. Representative EELS spectrum in the low energy region showing the chemical

evolution across 15 cycles lithiated 200 nm FeF2/LiPON film. 

The galvanostatic cycling curve for the delithiated 15 cycles film, showed a specific 

capacity of ~200 mAh/g as is shown in Figure 5-27. While most of the fade is observed after the 

first cycle the capacity fading continues to a smaller degree for subsequent cycles. Figure 5-28 

presents the SAED of the delithiated 200 nm FeF2/LiPON film after 15 cycles. Analogous to the 

lithiated samples, the LiPON at the interface became amorphous. Note that some nanocrystalline 

domain still presents for the LiPON away from the interface as is shown in the TEM image Figure 

5-28 a) and SAED Figure 5-28 b). Although the interfacial regions of the LiPON appeared to 
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become amorphous, EELS analysis (presented below) did not reveal decomposition of the 

electrolyte. The 15 cycle delithiated film exhibited a 63% particle reduction at the interface to 1.2 

±1 nm which is comparable to the 15 cycle lithiated. As shown in Figure 5-29, at the interface 

particles of 1-2 ±1 nm size range dominate, while away from the interface particles of 3-4 ±1 nm 

size range are dominant. Like previous results at position 1 and 2, the EELS was dominated by 2 

LiK peaks located around 60 eV and 69 eV as show in Figure 5-30. At the interface (position 3), 

the EELS spectra was characterized by broad Fe M23-edges located at ~57 eV and by 2 LiK peaks 

located around 60 eV.  The feature observed at ~65.1 eV can be attributed to Li2O or LiOH.  At 

positions 4 and 5 the spectra were dominated by a LiF peak located ~ 61.3 eV. 
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Figure 5-27. Voltage profile curve for 200 nm FeF2/LiPON 15 cycles delithiated. 
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Figure 5-28. Microstructure characterization of the delithiated FeF2/LiPON interface cycled 15

times. Representative SAED pattern of (b) LiPON away from the interface, (c) LiPON at the 

interface and (d) FeF2. 
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Figure 5-29 Particle size distribution of the delithiated 200 nm FeF2/LiPON cycled 15 times. (a)

At the interface, (b) away from the interface. 
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Figure 5-30 Representative EELS spectrum in the low energy region showing the chemical

evolution across 15 cycles delithiated 200 nm FeF2/LiPON film. 

The change in the reaction zone as a function of cycling is shown in Table 5-5. After 15 

cycles the reaction zone increased to 34.5 ± 1.5 nm.  The effect in capacity as a function of number 

of cycles is shown in Figure 5-32. From Figure 5-32 we can observed a dramatic drop in capacity 

after the first cycle. The small increase in capacity observed in subsequent cycles can be attributed 

to fabrication of the cell and possible contamination. The fade in capacity is due to incomplete 
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conversion which results in a) a smaller phase fraction of FeF2 participating in the conversion 

process and b) the formation of LiF which is resistive to both electron and ion transport.  

Figure 5-30. HRTEM bright field image of the 200 nm FeF2/LiPON interface reaction zone. (a)

single cycle lithiated and (b) delithiated. Red lines represent the reaction zone. 
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Figure 5-31. HRTEM bright field image of the 200 nm FeF2/LiPON interface reaction zone. (a)

15 cycles lithiated and (b) single cycle delithiated. Red lines represent the reaction zone. 

Table 5-5.  

Measurement of the interfacial reaction zone of single-cycle and 15 cycles lithiated and delithiated. 

Interface reaction zone ± 1.5 (nm) 

200 nm-1 cycle-lithiated ~25.5 

200 nm-1 cycle-delithiated ~30.5 

200 nm-15 cycles-lithiated ~33.5 

200 nm-15 cycles-delithiated ~34.5 
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Figure 5-32. Galvanostatic cycling of the 200 nm FeF2/LiPON after 15 cycles showing the capacity

change as function of cycle number. The inset shows a closer view of capacity change as a function 

of cycle number after the first cycle. 
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5.4.3 Valence state of Fe (200 nm FeF2/LiPON films) 

The valence states of the transition element were measured to quantitatively monitor the 

chemical state of Fe during the charge and discharge process. The EELS spectra in the high-energy 

region were dominated by iron (Fe), FeL3, and FeL2 electron transition lines resulting from the spin-

orbit split levels 2p3/2 and 2p1/2 to an occupied 3d state above the Fermi level, as indicated in Figure 

5-33 for single cycle lithiated and non lithiated (same for the 15 cycles lithiated not presented for 

simplicity). As previously mentioned these line intensities are a measure of the localized holes in 

3d state around the transition metal, and the ratio (L3/L2) provides us information of the interaction 

between the 2p core-hole and 3d electrons (10). Furthermore, the L3/L2 relative intensity ratio is 

strongly dependent on the d-band states and, therefore, on the valence state of the transition 

element (8, 12). In addition, the sum of L3+L2 measures the unoccupied states. In other words the 

total L3+L2 intensity decreases with increasing d-band occupancy (12). Table 5-6 shows the Fe 

L3/L2 integrated line intensity ratio and total L3+L2 intensities of single cycle and 15 cycles 

(lithiated and delithiated) obtained at different positions across the interface the FeF2/LiPON 

layers. Is clearly observed that the L3/L2 ratio drops dramatically after the first cycle (lithiated), 

which indicates a decrease in oxidation state that follows the reduction process (FeF2→LiF+Fe0). 

Subsequently, after the first cycle was complete the intensity ratio did not increase, indicating that 

the reverse transformation (LiF+Fe0→FeF2) was not complete, and there is some residual Fe0. The 

same behavior is observed in the specimen subjected to 15 cycles. The intensity decrease of L3+L2

is consistent with the formation of Fe0 at the interface. The data indicate that residual Fe0 forms 

first at the interface, then moves towards the FeF2 bulk. 
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Figure 5-33 Representative EELS spectrum in the high-energy region, showing the chemical

evolution across the 200 nm FeF2/LiPON interface of single-cycle (a) delithiated and (b) lithiated. 
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Table 5-6. 

Fe L3/L2 integrated line intensity ratio and the L3+L2 sum of lithiated and delithiated 1-cycle and 15-

 cycle samples obtained at different positions across the interface of the FeF2 /LiPON thin film battery. 

Pristine 
200 nm 1 cycle 

lithiated 

200 nm 1 cycle 

delithiated 

200 nm 15 cycles 

lithiated 

200 nm 15 cycles 

delithiated 

Integrated 

intensity 

ratio 

(L3/L2) ± 

0.4 

L3+L2 

Integrated 

intensity 

ratio 

(L3/L2) ± 

0.4 

L3+L2 

Integrated 

intensity 

ratio 

(L3/L2)  ± 

0.4 

L3+L2 

Integrated 

intensity 

ratio 

(L3/L2) ± 

0.4 

L3+L2 

Integrated 

intensity 

ratio 

(L3/L2)  ± 

0.4 

L3+L2 

LiPON (pos1) 

LiPON (pos2) 

LiPON/FeF2 

(pos3) 4.2 
4648 3.0 3266 3.1 849 2.1 1228 2.3 1349 

FeF2 (pos4) 4.1 7719 3.0 4915 3.2 4225 2.5 6367 2.2 8051 

FeF2 (pos5) 4.0 8756 3.1 5461 3.1 5272 2.6 7858 2.4 10689 
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5.4.4 (200 nm)-FeF2/LiPON-single cycle lithiated and delithiated discussion 

200 nm FeF2/LiPON thin film batteries were constructed and analyzed in their delithiated 

and lithiated states. Galvanostatic cycling was performed with a scan C-rate of C/20 for single-

cycles. It is clear that by reducing the cathode thickness, the electron and Li transport are improved 

resulting in higher capacities. The reason of these behaviors is that a thicker active cathode 

produced a longer transport path for electrons to travel before reaching the current collector. The 

longer path results in increased incoherent scattering. The lithiated 200 nm FeF2/LiPON single-

cycle cycling profile was characterized by a plateau around ~1.47 V and a specific capacity of 

~930 mAh/g. Like the 400 nm FeF2 film a high hysteresis was observed, which, according to 

Cabana et al (2), could be due to a variety of factors including electrode conductivity, interfacial 

thermodynamics, reaction pathways, mobility of chemical species during the phase conversion. 

The profile of the delithiated film is characterized by a redox plateau around ~1.47 V and a specific 

capacity of ~750 mAh/g. We ascribe the difference in capacity to artifacts associated with the cell 

manufacturing process. Through the first discharge, the film exhibited a larger capacity that 

corresponded to x=2.64 Li in LiXFeF2 of the FeF2 thin films. When the film is subsequently cycled 

for 15 cycles a drop in capacity to 267 mAh/g is observed. The capacity as function of cycle 

number is show in figure 5-34. We clearly observe that the drastic drop in capacity occurs during 

the first cycle. While we only cycled film up to 15 times the observed capacity plateau is sustained 

even after 200 cycles, as is shown in Figure 5-35. 
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Figure 5-35 Galvanostatic test of the FeF2 films showing the discharge capacity as a function of

cycle number and film thicknesses using pouch cells with aluminum leads. The films were cycled 

at a C-rate of C/1.The inset shows a closer view on the capacities (13). 

HRTEM reveals a decrease in FeF2 particle size to 1.5 ± 1.0  nm at the interface after a 

single cycle in the lithiated condition and to 1.2 ± 1.0   nm in the delithiated condition.  This 

compares to 4.4 nm for pristine films and ~4.0 nm away from the interface. Similar particle sizes 

where observed for the 15 cycle lithiated film, which indicate that most of the particle size change 

occurs during the first cycle. This size particle decrease was attributed to factors that limit the 
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reconversion of LiF and Fe0 back to FeF2. Rangan, S et al, attributed the reduced size of the 

particles to the difference in mobility between Li and Fe; with Li being more mobile, Fe2+ is 

immediately reduced to Fe0, which precipitates locally without diffusing (3). HRTEM and SAED 

reveal that after 15 cycles the LiPON became amorphous at the interface. EELS results indicate 

that even after the cathode is delithiated, unconverted LiF and Fe0 are present in the reaction 

zone/cathode. From these results we conclude that incomplete reconversion to FeF2, resulting in 

LiF phases remaining are responsible for the capacity fade observed. This incomplete conversion 

results in, a) a smaller phase fraction of FeF2 participating in the conversion process and b) the 

formation of LiF which is resistive to both electron and ion transport. Although the interfacial 

regions of the LiPON appeared to become amorphous, EELS analysis did not reveal 

decomposition of the electrolyte. More study is required to understand the nature of the SEI layer 

in this solid state system. Valence states (oxidation states) were investigated by analyzing the 

EELS spectra at high energy. It is clearly observed that the L3/L2 ratio did not increase after a 

complete lithiation-delithiation cycle which indicates that the transformation back to FeF2 is not 

complete (LiF+Fe0→FeF2), and there is some residual Fe0 and LiF remaining. Additionally, the 

intensity decrease of the L3+L2 was consistent with the formation of Fe0 and that Fe0 started 

forming at the interface first then moved towards the bulk of the film. The reduction from Fe2+ to 

Fe0 is localized with Li being the major mobile species. The reconversion process is incomplete 

leading to the presence of FeF2, Fe0 and LiF, and, a change in volume of the electrode. While 

previous reports using composite powder electrodes show that the decrease in particle size reduced 

ion/electron transport distance and increased surface area, which facilitated conversion reaction 

kinetics and improved the electrochemical cycling performance of FeF2 (9), this research shows 

that the insulating behavior of LiF disrupted the Li mobility and subsequently capacity is affected 
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as we observed. Figure 5-36 is a schematic of the lithiation mechanism at the SEI after 1 cycle and 

15 cycles. It is speculated that Li+ rather that F- is responsible for the primary ion transport because 

of the small concentration observed in EELS. 

While the structure of the LiPON changed at the interface, its chemical composition did 

not, which suggests that is not the major contributor to the formation of the SEI, and is stable at 

high operational voltages. It is well known that LiPON is stable in contact with Li at high potentials 

windows (5.5± .2V) at room temperature (14). The deposition conditions used here provided for 

the incorporation of N into the Li3PO4 film to produce Li1.9PO3.3N.21. The LiPON films were 

analyzed by X-ray Photoelectron Spectroscopy (XPS). Results indicate that the films were 

dominated by a double nitrogen bond (P-N=P) which was responsible for the high ionic 

conductivity measurements of 1.43 X 10-6 Scm-1. However, HRTEM images of the LiPON before 

and after lithiation showed nano-crystalline phases. Amorphous solid state electrolytes have the 

advantages of being isotropic, not having grain boundaries and having high ionic conductivity. 

The nano-crystalline phases may be another contributor to the capacity fade after lithiation, due to 

the fact that they potentially impede the movement of the L+ ion during lithiation.  
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Figure 5-36. Lithiation mechanism at the SEI: a) FeF2 (yellow)/LiPON (blue) interface b) Fe (dark

green) and LiF (red) formation after 1 cycle lithiation, c) With subsequent lithiation (15-cycles) 

additional LiF growth at the interface. 
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CHAPTER 6

 CONCLUSION 

6.1 Conclusion 

This dissertation investigated the use of thin films as a platform to obtain basic insight to 

the FeF2 conversion process in Li-ion batteries. The mechanism related to the structural 

underpinning of capacity loss has been proposed. 

In the first part of this work, the processing conditions of FeF2 and LiPON thin film 

electrodes were optimized in order to obtain phase purity and high ionic conductivity. FeF2 thin 

films were successfully grown by pulsed laser deposition. The results indicate that substrate 

temperatures play an important role in the diffusion necessary for the formation of stable critical 

nuclei and that growth is three dimensional and governed by supersaturation of the surface. Films 

produced at 400 mJ with the highest supersaturation did not show the presence of iron oxide 

phases, presumably due to the fast growth rate, which is not favorable to oxygen incorporation. 

EELS analysis confirmed that the 400 mJ deposition parameters produce FeF2 thin films with good 

phase purity and very little oxygen contamination. Lithium phosphorus oxynitride solid electrolyte 

thin films were deposited by reactive RF magnetron sputtering of Li3PO4 under a N2 environment. 

Parameters such as N2 deposition pressure, power density, and N2 flow rate were varied to obtain 

LiPON with high ionic conductivity. Results indicate that the ionic conductivity of LiPON depends 

on the amount of nitrogen incorporated into the film during processing. The highest ionic 

conductivity obtained was 1.431 x E-6 Scm-1, which corresponded to a LiPON composition of 

Li1.9PO3.3N.21. These results were acquired using a power density of 2.5Wcm-2, a N2 pressure of 

15 mTorr, a deposition rate of 32 SCCM, and a substrate distance of 7.5 cm. 
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The band-diagram of FeF2 has been proposed. Electrical and optical measurements indicate 

that FeF2 is a direct bandgap, n-type semiconductor with a bandgap of 3.4 eV, a workfunction of 

~4.51- 4.66 eV, and an effective Fermi level that resides approximately 0.22 eV below the 

conduction band edge. Two relatively shallow, narrow quasi bands, which are presumably due to 

structural defects, reside at 0.22 eV and 0.48 eV below the conduction band edge and are 

responsible for the 390 nm and 430 nm photoluminescence, respectively. We hypothesize that 

these two bands, in particular that at 0.22 eV, serve as shallow donor levels and are responsible for 

the measured n-type conductivity. The broader, less well-defined photoluminescence feature at 

475 nm apparently originates from a deeper-lying, broader defect band. 

The second part of this thesis involves the construction and electrical/microstructural 

analysis of FeF2/LiPON thin film batteries. Galvanostatic cycling was performed on 400 nm and 

200 nm FeF2/LiPON films with a scan C-rate of C/20. The specimens were examined in their 

lithiated and delithiated conditions. Initially, 400 nm FeF2 cathode where used; however, a 

minimum initial specific capacity of ~400 mAh/g (single cycle delithiated) was obtained. When 

thinner 200 nm cathodes were used instead, the capacity increased dramatically to between 

750mAh/g and 930 mAh/g (the variability is due to the variability in the thin film battery 

fabrication process). It is proposed that the thicker active cathode produced a longer transport path 

for the electrons to travel and experience more incoherent scattering events before reaching the 

current collector. For this reason, the study focused on 200 nm films. Through the first discharge, 

a larger capacity that corresponded to a lithium uptake of ~2.64 Li ions per FeF2 molecular unit 

was obtained. When the film was subsequently cycled for 15 cycles (lithiated), the film 

experienced a drop in capacity to 267 mAh/g from the original 930 mAh/g obtained for the single 

cycle lithiated film. The capacity as a function of number of cycles shows that most of the capacity 
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fade occurs during the first cycle and plateaus for subsequent cycles.  Cycling resulted in a 

significant decrease in the FeF2 particle size near the FeF2/LiPON interface compared to pristine 

samples and FeF2 in the “bulk” of the film. 

HRTEM and SAED revealed that after the 15th cycle, the LiPON became amorphous at the 

interface. However, chemical decomposition of the electrolyte was not observed. The significant 

structural changes with cycling were mostly confined to the FeF2 near the interface.  This region 

is referred to as the “reaction zone”. The reaction zone is essentially formed after the first cycle, 

where it was 25 nm in the lithiated state and 30 nm after delithiation. This is an indication of the 

volume change associated with the conversion process. EELS results indicate that after the first 

cycle and the cathode is delithiated, unconverted LiF and Fe0 are present in the reaction zone. The 

presence of LiF and Fe0 phases means that the amount of electrochemically active FeF2 available 

for subsequent conversion cycles is reduced. From these results we conclude that incomplete 

reconversion of LiF and Fe0 to FeF2, is responsible for the capacity fade observed. This incomplete 

reconversion specifically results in: a) a smaller phase fraction of FeF2 participating in the 

conversion process; and b) the formation of LiF, which is resistive to both electron and ion 

transport. This is supported by valence states (oxidation states) analysis which showed that the 

L3/L2 white line ratio did not increase after a complete cycle, indicating that the transformation is 

not complete (LiF+Fe0→FeF2) and residual Fe0 remains. Additionally, the intensity decrease of 

the L3+L2 white lines was consistent with the formation of Fe0.  This process begins at the interface 

first then moves into the bulk of the film. These results a broad qualitative understanding of the 

microstructural evolution of the cathode and its impact on capacity. Measures to improve the 

reconversion process (LiF+Fe0→FeF2) are required to exploit the potential of these materials for 

applications in Li batteries. In summary, this work identified the structural underpinning of the 
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large capacity loss after the first cycle as the presence of insulating LiF which does not reconvert 

back to FeF2 in the associated half redox cycle. 
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CHAPTER 7

 FUTURE WORK 

This research provided insight to the lithiation process using a thin film platform. However 

many questions remain about the mechanism(s) of the conversion reaction. One way to obtain a 

deeper understanding is to perform in-situ structural characterization i.e., in real time while the test 

structure is being cycled. In-situ TEM and EELs can potentially track the Li pathway as well as 

the structural changes associated to the conversion process. However, such experiments would be 

very expensive and time consuming.  More studies guided by modelling are required to understand 

the thermodynamic and kinetic factors that limit the reconversion process, and may help us 

understand why the conversion reaction is reversible in some materials and in others it is not. 




