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Since the discovery of intercalation chemistry in the early 70s, lithium battery technology 

has been rapidly developed through the efforts in expanding cathodes chemistry for higher energy 

density, exploring advanced electrolytes for nonflammability and wider voltage window, and 

enabling high theoretical capacity anode materials. Nevertheless, the ideal anode candidate, Li 

metal, remains as the holy grail for researchers in the fields of both liquid-electrolyte battery and 
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its solid-state analogues. Future advancement of safe Li metal battery calls for new strategies to 

enable uniform Li metal plating/stripping at lower stacking pressure and to stabilize Li metal 

interfaces by engineering. In this dissertation, by leveraging the well-defined interface platforms 

in all-solid-state thin film battery and utilizing advanced electron microscopy, we demonstrate the 

fresh understanding at electrode/electrolyte interfaces in a battery system that employs lithium 

phosphorus oxynitride (LiPON) as the solid-state electrolyte. Firstly, cryogenic electron 

microscopy unveils a 76-nm-thick Li/LiPON interface that consists of Li2O, Li3N and Li3PO4 as 

the interphase components, which are embedded in an amorphous matrix and exhibit chemical 

gradients across the interface. Next, the interface between LiPON and a high-voltage 

LiNi0.5Mn1.5O1.5 (LNMO) cathode shows overlithiation on the surface of pristine LNMO near the 

interface. The LNMO/LiPON interface contact remains intact after over 500 cycles, suggesting 

the essence of both atomic interface contact and removing conductive agents on achieving 

interfacial stability at high voltage. The efforts on producing a freestanding LiPON film offered 

invaluable quantitative insights on interface formation between Li metal and LiPON by solid-state 

NMR, which serves as supportive evidence to the electron microscopy observation. DSC 

measurement yields a well-defined glass transition temperature of LiPON. Nanoindentation shows 

a Young’s modulus of ~33GPa of LiPON, which could be related to the residual stress release 

process in the freestanding form. Moreover, freestanding LiPON is demonstrated to enable Li 

metal plating in a uniform and fully dense manner without external pressure. Such observations 

not only provide new insight on interface engineering strategy in bulk batteries, but also shed light 

on reducing the external pressure on Li metal all-solid-state batteries that is required for stable 

cycling. 
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Chapter 1. Introduction 

1.1 Motivation 

Global energy crisis and climate change are two pressing issues confronted by human 

society in the present century. Although fossil fuels including coal, natural gas and oil are the key 

drivers of world-wide economic growth since the first industrial evolution, the overmining and 

overuse of fossil fuels have resulted in some severe environmental issues, where global warming 

appeared to be the most prominent one.1,2 Moreover, the world's growing population has led to a 

rising demand for energy that surpasses the available fossil fuel resources in the coming centuries.1 

To alleviate the energy crisis and mitigate climate change, developing sustainable energy resources 

and reducing the emission of greenhouse gas have become the mutual tasks for all humankind 

presently.  

     

Figure 1.1 U.S. electricity generation from selected fuels from 2010 to 2050.2 

 
Figure 1.1 recorded the history and projection of U.S. electricity generation from selected 

fuels that include solar power, wind power, hydropower, natural gas, nuclear energy and coal till 

2050.2 Despite the continuous increase of total electricity demand, the contribution of sustainable 
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energy resources such as solar power, wind power and hydropower are predicted to be largely 

growing in the coming decades, adding up to 41% for the total available electricity supply in 2050. 

The projection of such growth of sustainable energy resources manifests the effort that has been 

devoted to mitigating energy crisis. Nevertheless, an emerging problem along with the 

development of sustainable energy resources is how to store such large amount of energy to 

maximize the utilization efficiency, considering the availability, variability and uncertainty of such 

energy resources when they are generated.3 

 
Figure 1.2 Global greenhouse gas emission by sector in 2020.4 

 
On the other hand, reducing the emission of greenhouse gas calls for changes in many 

sectors related to daily life and production. Among all the sectors that emit greenhouse gas, 

transport sector yields a leading portion with 16.2% of the total global greenhouse gas emission in 

2020 (Figure 1.2).4 Within the transport sector, road transport that includes both passenger travel 

and road freight contribute up to 11.9% of the total greenhouse gas emission. Therefore, the 
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electrification of road transport sector and transition to a fully decarbonized electricity mix are 

essential for reducing global greenhouse gas emission by a large extent.4 

As such, rechargeable battery technology serves as a sound solution to the question of 

energy storage for both sustainable energy resources and electrifying road vehicle. Among all the 

rechargeable battery chemistries discovered, including nickel/cadmium (Ni/Cd) battery, lead-acid 

battery, nickel-metal hydride (Ni/MH) battery, intercalation-chemistry battery, etc., lithium battery 

is the most-developed type due to its higher energy density and lower toxicity.5 Though the last 

five decades have seen tremendous progress made in modern lithium battery technology, current 

state-of-art lithium-ion battery still falls short to the demanding requirement for higher energy 

density and safety. With the complexity of battery system, it is non-trivial to realize the ultimate 

goal of utilizing Li metal anode and implementing safer solid-state electrolytes in rechargeable 

batteries, which still call for further research efforts to explore the unknowns hidden at the many 

buried interfaces. 

 

1.2 Lithium battery technology 

Battery is a closed electrochemical system for energy storage and conversion, where 

electrical energy is stored in the form of chemical energy via redox reactions and is released when 

the battery is discharged. Rechargeability of a battery is defined when the redox reactions can 

occur repeatedly in a quasi-reversible way.5,6 With the many rechargeable battery chemistries 

explored in history, including nickel/cadmium (Ni/Cd) battery, lead-acid battery, nickel-metal 

hydride (Ni/MH) battery, intercalation-chemistry battery, etc., lithium-based battery has become 

the most prominent and well-developed one because of its higher energy density and lower 

toxicity.5 Modern lithium batteries are generally categorized into lithium-ion battery and lithium 

metal battery, depending on whether a graphite anode or metallic lithium anode is being used.7 
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Lithium battery is also alternatively categorized into liquid battery and all-solid-state battery, 

defined by whether a solid-state electrolyte is used for conducting lithium ions. 

 
Figure 1.3 A schematic of lithium-ion battery components. The molecules in the electrolyte region 

represent ethylene carbonate species.8 

 
The state-of-the-art lithium-ion battery consists of a layered oxide cathode (lithium cobalt 

oxide, (LiCoO2, LCO)) to provide the lithium inventory, a layered graphite anode to host lithium 

ions and an ethylene carbonate liquid electrolyte to conduct lithium ions, as shown in Figure 1.3.8 

During the charging process, lithium ions move towards anode from cathode driven by the external 

electric field while the transition metal species within cathode material is oxidized. Lithium 

solvation then occurs in the liquid electrolyte to ensure lithium-ion transportation, where each 

lithium ion is surrounded by four ethylene carbonate molecules. Lithium ions are subsequently 

intercalated into the layered structure of graphite anode, where electrical energy is stored in the 

form of chemical energy. Associated redox reactions occur at cathode and anode sides during 

charging process can be expressed as follow: 
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Cathode: LiCoO2 ↔ Li1-xCoO2 + xLi+ + xe-       (1.1) 

Anode: 6C + xLi + ↔ LixC6                               (1.2) 

Upon discharging, electrons flow through the external circuit/device while lithium ions 

move back to the cathode side, and the chemical energy level of the whole system is decreased. 

Note that due to the chemical potential mismatch between electrode materials and electrolyte, 

interphases are commonly formed in battery system, which originate from the decomposition of 

the electrolyte components on the electrode surface. Such interphase on anode and cathode are 

called solid electrolyte interphase (SEI) and cathode electrolyte interphase (CEI), respectively, as 

shown in Figure 1.3. A good interphase allows for facile lithium ion transport, and passivates the 

electrode surface to alleviate further decomposition reactions. 

 
Figure 1.4 Energy density vs specific energy plot for selected Li-ion and “post-Li-ion” cell 

chemistries9 
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Battery research in the early era focused on the emerging chemistries of cathode materials 

that could deliver more capacity with good thermal stability and long cyclability, where TiS2 ,
10 

LiCoO2 
11 and a vast variety of cathodes were invented based on the solid-solution concept (i.e. 

LiMn2O4 (LMO),
12 Li(NixMnyCoz)O2 (NMC),

13 LiFePO4 (LFP),
14 

 LiNi0.5Mn1.5O4 (LNMO),15 etc.).  

Figure 1.4 depicts the energy density vs specific energy in various cell chemistries, which clearly 

shows that enabling Si anode and Li metal anode is essential to realize an energy density over 1200 

Wh/L and a specific energy over 500 Wh/kg, respectively.9 Although Si and Li metal anodes stand 

out as ideal candidates owing to their high theoretical capacities,7  issues arose with the promises 

of these materials. Silicon anode follows an alloying mechanism upon lithium insertion into its 

structure, which causes over 300% volumetric expansion. The impact of such drastic physical 

change is profound – silicon anode structure easily collapses during repeated volume expansion 

and shrinkage; newly exposed fresh surface of silicon anode is prone to react with liquid electrolyte 

to form solid electrolyte interphase (SEI) that leads to the consumption of limited lithium source 

and an increased cell impedance upon cycling16. Differing from the case of Si, Li metal anode 

suffers from a dendritic metal growth during Li metal plating, where Li ions travel from cathodes 

and nucleate on the bare current collector or pre-existing Li metal surface. Due to the hardly 

controllable mass transfer in a mixed liquid system17, Li metal deposits tend to grow as dendrites, 

which may penetrate through the polymer separator to cause short-circuiting of battery and raise 

safety concerns18. On the other hand, batteries that utilize solid-state electrolytes might provide 

different perspectives for solutions. 
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1.3 All-solid-state battery 

Employing an electrolyte material that is in solid state, all-solid-state batteries (ASSB) 

differ from liquid-electrolyte as they promote battery safety19, exhibit a wide operational 

temperature window, and improve energy density by enabling Li metal as anode materials for next-

generation lithium-ion batteries.20,21 Figure 1.5 shows the schematic of an typical configuration of 

ASSB which contains a composite cathode, solid-state electrolyte (SSE) and Li metal anode. 

 

Figure 1.5 A schematic of all-solid-state battery with Li metal anode.8 

 
 A composite cathode consists of cathode particles and solid-state electrolyte (SSE) 

particles, along with binding materials and conducting agents.8 The mixture of cathode with SSE 

is to increase the contact area so that lithium ion transport at cathode and SSE particle interface 

can be improved. The architecture of anode current collector shown in Figure 1.5 serves the similar 

idea but is more for enabling uniform Li nucleation and plating. 
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Despite the suitable mechanical properties to prevent Li dendrite penetration,22 relatively 

wide electrochemical stability windows,23 comparable ionic conductivities,24 and intrinsic safety, 

most SSEs currently used in ASSB are found to be thermodynamically unstable against Li metal, 

where SSE decomposition produces a complex interphase, analogous to the SEI formed in liquid 

electrolyte systems. Conventional SSEs, including Li7La3Zr2O12, Li1+xAlxGe2-x(PO4)3, 

Li10GeP2S12, Li7P3S11, Li0.5La0.5TiO3 and lithium phosphorus oxynitride (LiPON) are predicted by 

DFT thermodynamic calculations to form SEIs upon contact with Li metal due its high reduction 

potential,25,26 which have been validated by experimental findings in many cases.27–33 

 
Figure 1.6 A schematic of ASSB showing the presence of various issues in different component 

and potential solutions to each issue.34 
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The nature of these decomposed phases governs the properties of the interface; an ideal 

passivation layer should consist of ionically conductive but electronically insulating components 

to prevent the SSE from being further reduced. However, in most scenarios such ideal interface is 

hard to obtain, which cause deleterious impact on the battery performance and eventually leads to 

the end of battery life. Figure 1.6 delineates all the existing issues in ASSB that include not only 

the interfaces (SEI, CEI, etc.) between different battery components, but also pore formation, 

contact loss and Li dendrite formation, etc. Strategies have been proposed to each of the listed 

issue. For instance, SEI/CEI layers could be potentially stabilized with the protective coating on 

electrode particles; pore formation could be mitigated via increasing the stacking pressure, adding 

interlayer, or introducing adhesives between the particles. However, due to the complexity of the 

ASSB system, one needs to pay extra attention to other characteristics of the system while 

modifying one single parameter. Moreover, as most of these existing issues are buried underneath 

the battery assembly, it remains extremely difficult to precisely locate the root cause of certain 

issue. In this case, an ASSB with a simplified configuration is needed to uncover the fundamentals 

behind the present issues in ASSB and shed light on future engineering directions, where thin film 

battery comes to the stage. 
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Chapter 2. Thin Film Battery 

2.1 Overview of thin film battery 

In the present lithium battery catalogue, ASSB provides improved safety and energy 

density over the liquid electrolyte counterparts, which therefore has garnered increased attention 

and research efforts.35,36 Sharing a similar formulation concept, thin film battery (TFB) is one of 

the ASSBs that utilizes solid-state electrolyte and active electrode thin films produced via vacuum 

deposition techniques such sputtering, pulsed laser deposition, atomic layer deposition, etc., and 

 

Figure 2.1 (A) Schematic of thin film battery that consists of a Li metal anode, LiPON electrolyte, 

and LNMO cathode on an alumina substrate. (B) A cross-section image showing the well-defined 

interfaces in TFB 

 was pioneered by Oak Ridge National Laboratory from 1992.37,38 TFBs employing lithium 

phosphorus oxynitride (LiPON) SSE have demonstrated exemplary high-voltage compatibility (up 

to 5V) and remarkable capacity retention over thousand cycles.39,40 TFB typically consists of 

layered architecture as shown in Figure 2.1A. Each layer is deposited by one specific technique 

and stacked together to form an electrochemical battery with a total thickness of less than 5 m 

for the active materials. One major merit of TFB is its well-defined interface cell geometry, which 
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can serve as ideal platforms for fundamental research on interfaces and electrochemical behaviors 

within ASSB system (Figure 2.1B).41,42  

 

2.2 Thin film deposition techniques 

Despite the excellent battery performance and ideal platform for fundamental research, 

TFB fabrication can be costly due to the use of high vacuum environment and bottom-up process. 

A variety of physical vapor deposition (PVD) techniques have been optimized for TFB fabrication, 

including sputtering, pulse laser deposition and thermal evaporation.  

 

2.2.1 Sputtering 

Under high vacuum condition (<10-4 Pa), sputtering process utilizes a glow discharge 

plasma that is generated by gas ionization under a strong electric field (Figure 2.2). The ionized 

gas species from working gas (i.e., Ar, O2, or N2), including atoms, ions, etc., are accelerated in 

the electric field toward a charged target material, where atomic bombardment transfers kinetic 

energy and leads to a physical ablation of the target material. There are numerous other energy 

exchanges inside the plasma, as secondary particles and negative ions are also emitted from the 

target along with radiation and local heating. The ablated atoms are then deposited onto a substrate, 

which may be biased and/or heated in the meantime for different purposes.  
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Figure 2.2 The schematic of DC/RF sputtering system43 

 
Charge accumulation on the target surface occurs when there is excess charge due to the 

insulating surface, which can repulse the incoming ions and diminish the deposition efficiency. 

Therefore, direct current (DC) sputtering is commonly used for metal deposition, as no charge 

accumulation is present. However, for ceramic targets, radio frequency (RF) sputtering is 

employed to prevent such charge build up. To increase the sputtering yield with RF power source, 

magnetron sputtering is generally used, where the target is placed against a static magnetic field, 

confining ionized species toward the target surface. Sputtering is a good at transferring the target 

stoichiometry to the thin film. 

 

2.2.2 Thermal evaporation 

Thermal evaporation takes place in high vacuum chamber (<10-5 Pa) where a solid material 

inside a heating boat is heated to its evaporation temperate through Joule heating, as shown in 

Figure 2.3. The vaporized particles travel through vacuum and then condense onto a substrate on 
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the top sample holder. Thermal evaporation takes advantage of decreased evaporation temperature 

at a low pressure and it’s commonly used for simple substance such as Li metal, Au metal, Cu 

metal, etc. 

 

Figure 2.3 The schematic of thermal evaporation process43 

 
2.2.3 Pulsed laser deposition 

Pulsed laser deposition (PLD) is generally used for depositing complex materials. A high-

power excimer laser (~2 J/pulse) is generated from the laser source and travels through a set of 

optical elements to reshape and focus. The focused laser beam on the target surface leads to 

physical ablation, after which the ablated species condenses onto the substrate (Figure 2.4). PLD 

can utilized either high vacuum environment or a gaseous environment to promote certain surface 

chemical modification.  
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Figure 2.4 The schematic of pulsed laser deposition setup 

 
 

2.3 Thin film battery manufacturing 

The thin nature of cathode material in TFB determines that the energy stored in such cells 

falls short of the need in large devices such as electric vehicles, which shifts the direction of TFB 

development towards small electronics. Concurrently, miniaturizing electronics nowadays has 

been a trending direction due to the advancement in wearable and hearable technologies. Compact 

electrochemical energy storage components with small size that can be integrated to power the 

electronic system for  the life of the device are increasingly needed at commercial scale.44 TFBs 

serves as a solution as they offer significantly higher energy density and provides unparalleled 

processability with various form factors owing to its modifiable cell dimensions. However, current 

microbattery market requires technology and manufacturing breakthroughs at large scale to meet 

the higher volumetric energy density (VED). Common substrate materials for TFB fabrication 

include alumina, silicon, sapphire, mica etc. which are typically thick, rigid, electrically insulating, 
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brittle and expensive. These features lead to low VED, limited area form factor that confines such 

TFBs to niche applications with capacities in the range around 250 Ah, unsuitable for mAh-class 

applications. 

 

Figure 2.5 (A) Schematics of Li metal thin film batteries with different cell architectures and 

corresponding VEDs. (B) VEDs of SS-based anodeless TFB with varying SS thicknesses 

Figure 2.5 depicts the VED of TFB with various cell configuration and materials. In 

depicted three cases, Li metal serves as anode material, LiPON serves as the SSE while LCO is 

the commercially available cathode. For commercial lab-scale production, LiCoO2 thickness 

usually comes below 4 m and common material such as alumina (Al2O3) is used as substrate, 

which in total gives relatively low VED due to the low cathode loading and high substrate 

volume;39 In some of the commercially available TFB products, cathode thickness can be managed 

to reach around 7-10 m.45  Nevertheless, due to the use of Mica-based substrate that is over tens 

of m thick, cell VED is limited to below 200 Wh/L, not to mention the wasted volume on 

packaging materials; To boost the VED, two solutions are favorable – employing anodeless 

configuration and redcuing the thickness of substrate. Note that a high utilization of thin film 

cathode capacity requires high temperature annealing of the cathode during or post deposition. 
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Therefore, a thin, high-temperature-compatible and low-cost substrate is needed, such as stainless 

steel (SS). As such, the third cell configuration in Figure 2.5A employs an anodeless setup and a 

thin SS substrate (10-m thick), which can yield a VED up to 1168 Wh/L when a 10-m-thick 

LiCoO2 is used. Figure 2.5B further demonstrates the impact of substrate thickness on the VED of 

TFB. As SS substrate thickness increases from 10 m to 100 m, the corresponding entitlement 

VEDs drops from 1103 Wh/L to 215 Wh/L, stressing on the essence of utilizing thin substrates 

and getting high utilization of cathode. For benchmarking purpose, the state-of-art liquid 

electrolyte battery offers a VED around 450-700 Wh/L and ASSB can provides a VED about 900 

Wh/L,20,46,47 less than the amount that can be utilized from anodeless TFB, which gives it 

opportunity to largely improve the time of endurance for smart devices.  

 

Figure 2.6 (A) Schematic of the high-throughput roll-to-roll deposition. (B) Photo of an annealed 

roll-to-roll LCO sheet. (C) Cross-section image of annealed roll-to-roll LCO. (D) Schematics of 

the dry-process manufacturing 
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In typical TFB fabrications, as most of the substrates are made of rigid solid materials, a 

roll-to-roll manufacturing process is not feasible. To overcome such problem, a high-throughput 

manufacturing process is demonstrated in Figure 2.6. Figure 2.6A shows the general procedure for 

high-throughput TFB manufacturing. After deposition, a single high-resolution patterning 

technique is applied to define and isolate the individual cells from the battery sheet, which 

subsequently go through impedance measurement for inspection. With deposition and annealing 

parameters well-tuned, such roll-to-roll process could produce high-quality LCO cathode as 

demonstrated in Figure 2.6B & C. Figure 2.6D shows the subsequent workflow after the 

impedance inspection, where each cell can be singulated from the whole sheet and go through a 

stacking process towards the encapsulation and metallization as the final product. Owing to the 

anodeless nature of such TFB, cell handling after singulation takes place in normal cleanroom 

environment, with no dry room needed, which further brings down the production cost. Such 

manufacturing process has been provided practical pathway to commercialized LiPON-based TFB 

in largr scale. 

 

2.4 Lithium phosphorus oxynitride (LiPON): promises and challenges   

Lithium phosphorus oxynitride (LiPON) is a thin film SSE that is conventionally deposited 

on solid substrates. LiPON was first reported by Bates et al. in 1992 by substituting 5%-8% of O 

with N in Li3PO4 by RF sputtering in nitrogen.37 LiPON rapidly drew research attention in the 

solid state battery field as it exhibits exemplary cyclability with a vast choices of electrode 

materials, i.e., LiCoO2,48 LiMn2O4,48 LiNi0.5Mn1.5O4,40 Li4Ti5O12,49 and Li metal,40,48,49 etc. LiPON 

has enabled an ASS TFB with a Li metal anode and a high-voltage LiNi0.5Mn1.5O4 (LNMO) 

cathode to achieve a capacity retention of 90% over 10,000 cycles with a Coulombic efficiency 
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over 99.98%.40 As the timeline of LiPON development shown in Figure 2.7, many companies have 

inquired the license of LiPON patent and put solid efforts into its commercialization over the last 

three decades, including industrial giants such as ST Micro and Apple Inc. In the meantime, 

numerous research efforts have been undertaken to shed light on the structure and properties of the 

material itself and associated interfaces, for the sake of gaining knowledge regarding the stable 

nature and performance of LiPON, and providing guidelines to engineering other SSEs for next 

generation lithium rechargeable batteries. 

 

Figure 2.7 Timeline of LiPON development since 1992 

 
Interpretation of the intrinsic properties of LiPON, nevertheless, has been disputed due to 

the amorphous nature of LiPON, its sensitivity to ambient environment, and the presence of solid 

substrate. One of the long-lasting debates pertains to the N bonding structure and its impact on the 

lithium transport properties in LiPON. Early studies on the chemistry of LiPON primarily relied 

on X-ray photoelectron spectroscopy (XPS), where two different N environments were identified 

and regarded as double-bridging N and triple-bridging N.38,50,51 Such peak assignment was in part 

due to the pervasive belief that the cross-linked configuration introduced by N incorporation is the 

key for the ionic conductivity enhancement of LiPON over Li3PO4.38 Alternative methods suitable 
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to probe local bonding environment such as neutron paired distribution function (PDF) and solid-

state nuclear magnetic resonance (ss-NMR) were previously unable to validate this hypothesis due 

to the difficulty to obtain enough signal-to-noise (S/N) ratio, as the presence of substrates beneath 

LiPON thin film largely limits the active material amount that can be measured. Regardless, 

Lacivita et al. managed to obtain sufficient sample for neutron PDF measurements by scraping 

LiPON from the substrate and ruled out the existence of triple-bridging N, showing instead the 

prevalence of double-bridging N and apical-N bonding environments that was later verified with 

ss-NMR spectroscopy.52,53 Regardless, new methods to characterize the native properties of 

LiPON material await breakthrough. 

From the perspective of interface study, LiPON enabling stable cycling against Li metal 

and high-voltage LNMO cathode indicates the presence of extremely stable interphases between 

LiPON and electrode materials. The superior electrochemical performance of LiPON against Li 

metal has attracted numerous research efforts aiming to understand the underlying nature of stable 

Li/LiPON interphase. Computational efforts calculated the stability window of LiPON against Li 

metal to be from 0.68 V to 2.63 V, predicting decomposition products in this SEI as Li3P, Li2O 

and Li3N.54 Experimental efforts to identify this stable interphase of LiPON against Li metal, 

however, have been impeded by the limited characterization techniques available due to the low 

interaction volume of lithium, the amorphous nature of LiPON, and the extreme susceptibility of 

both lithium metal and LiPON to ambient air and probe damage.55,56 Among the limited 

characterization methodologies, in situ X-ray photoelectron spectroscopy (XPS) conducted on 

LiPON thin films exposed to evaporated Li illustrated chemical change following Li deposition 

and identified the decomposition products at the Li/LiPON interphase to be Li3PO4, Li3P, Li3N 

and Li2O.31 Nevertheless, the structure and spatial distribution at nano-scale of these 
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decomposition products and their influence on interfacial stability remain unclear due to the nature 

of the buried interphase.  

On the cathode interface side, Santhanagopalan et al. observed a lithium accumulation 

between LCO and LiPON upon repeated cycling, which impacts the ion transport at the interface 

and counts for irreversible capacity loss.57 Later Wang et al. identified the cause of lithium 

accumulation as a disordered LCO formation at the LCO/LiPON interface, which continues to 

grow at an elevated temperature and leads to a further performance degradation.41,45 All these 

research efforts shed light on possible degradation modes at the cathode/electrolyte interface. 

However, most of these effects are caused by structural change(s) within the cathode and not from 

LiPON decomposition. This contrasts starkly with the degradation mechanisms occurring in liquid 

analogues. The underlying mechanism that provides such exceptional stability remains elusive, 

largely due to a lack of available characterization tools that can access the buried interfaces and 

tackle the air-/beam-sensitivity of LiPON.42  

In order to overcome the difficulty of characterizing both Li metal/LiPON interface and 

LNMO/LiPON interface, tools that can probe local structural or chemical information while 

mitigating potential damage from the probe source is urgently needed.  

 

Chapter 2, in part, is a reprint of the material, as it appears in a manuscript that is being 

prepared to submit for publication: D. Cheng, K. Tran, S. Rao, Z. Wang, R. van der Linde, A. 

Kamath and Y. S. Meng, “Manufacturing Scale-Up of Anodeless Solid State Lithium Thin Film 

Battery for High Volumetric Energy Density Application”, 2023. The dissertation author was the 

primary investigator and first author of this paper.  
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Chapter 3. Advanced Electron Microscopy for Battery Research 

3.1 Overview of electron microscopy development 

In 1931, Ruska and Max Knoll demonstrated the first TEM image on a platinum grid in 

Germany58. (Figure 3.1) Since then, TEM has been vastly applied throughout the material science 

field to identify crystal structures and diagnose material degradation at atomic scales. After 

decades of development, TEM began to flourish in the battery field by demonstrating its power to 

determine the structural change and chemical composition evolution in cathode materials to 

pinpoint the battery degradation mechanism, such as the generation of defects and disordering 

phase in LiCoO2 cathode after electrochemical cycling59 In stark contrast to cathode materials, 

anode materials and associated interphases are generally more prone to the chemical and structural 

changes by electron beam irradiation due to joule heating and radiolysis56, while interphases might 

suffer additionally from electrostatic charging effects because of their insulating nature. To 

overcome the characterization barrier set by the beam intolerance and sizes, there has been a 

growing need to develop tools that can access nanoscale insights of beam sensitive Li metal, Li 

alloy and their SEIs with minimized beam interference.  

New functionalities were then added on TEM in the structural biology field from 1970s. 

TEM was originally designed for imaging inorganic solids such as metal and oxides that have 

relatively high melting temperatures, strong chemical bonding, and resilience against high energy 

electron beam. For imaging biological samples to identify their molecular structures, researchers 

in structural biology field started to apply cryogenic protection for the beam-sensitive specimens. 

In early 1974, attempts to freeze the sample for protection under electron beam have enabled the 

collection of electron diffraction pattern of a catalase crystal after being frozen in liquid nitrogen60. 

(Figure 3.1) Advances in cryogenic methodology quickly evolved to the adoption of a method  
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Figure 3.1 An overview – a brief history of cryo-EM development. 

named plunge freezing, during which the sample is frozen in amorphous ice by vitrification and 

can thus be protected. Such methods have enabled the TEM imaging of polystyrene spheres and 
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are still extensively used in structural biology field61. The three decades following this 

development witnessed the rapid growth in structural biology field with the emergence of 

advanced characterization toolsets, including 3D-reconstruction of organic material by electron 

crystallography62, noise reduction of TEM images via machine learning approach63 and 3D-

tomography of nanocrystals64. (Figure 3.1) Such developments have made imaging beam sensitive 

biological materials and identifying their molecular structure at angstrom level a routine task, 

which amounts to the recognition by the 2017 Nobel Prize in Chemistry.  

Concurrently, battery researchers realized that imaging anode materials can be potentially 

enabled by cryo-EM since anode materials are generally less susceptible to beam irradiation 

compared with biological samples. In 2017, two research groups in the United States adopted the 

sample preparation methodology and cryo-TEM instrumentation pioneered by the structural 

biology field, and successfully resolved the atomic structure of Li metal anode and its 

nanostructured SEI species.56,65 Falling into the category of EM, another exemplary tool - 

cryogenic focused ion beam/scanning electron microscopy (cryo-FIB/SEM) has also been 

incorporated into battery field along with the introduction of cryo-TEM. This versatile tool 

provides large-area examination of the bean-sensitive materials that complements the local 

information obtained by cryo-TEM66, and offers cryogenic protection during TEM lamella 

preparation so that imaging beam-sensitive solid-solid interfaces becomes possible67. Such an 

interdisciplinary transition of characterization tools had a profound impact to the direction of 

battery field development. Since the first adoptions of cryo-TEM and cryo-FIB/SEM to 

characterizing Li metal anode, there has been exponential growth in studies trying to implant 

cryogenic protection to investigate beam-sensitive material and interfaces within battery system, 

ranging from alkaline metal anodes56,65,67–69, alloying anodes70 to associated interfaces42,67.   
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3.2 Cryogenic protection for beam-sensitive components in battery 

3.2.1 Cryogenic-FIB/SEM characterization at bulk scale 

Along with the adoption of cryo-TEM in the battery field, cryo-FIB/SEM has drawn much 

attention since its applications in both liquid and solid electrolyte (SE) systems (Figure 3.2A). As 

shown in Figure 3.2B, FIB/SEM utilizes high energy ions such as gallium (Ga) ion to mill certain 

amount of sample by designated patterns and depth, after which SEM is used to probe the freshly 

exposed surface or a lamella can be lifted out with the aids of a micromanipulator. However, due 

to the local heating and ion implantation during milling, beam sensitive materials such as Li metal 

suffer from morphological and chemical changes through the FIB process at room temperature66. 

To minimize such deleterious effects, cryogenic protection with the aid of liquid nitrogen is 

incorporated into FIB/SEM instrument to maintain sample at low temperature during operation, 

which has proven effective and critical for beam sensitive materials. 

In detail, cryo-FIB/SEM works with a stage that is cooled down with nitrogen gas coming 

through a liquid nitrogen dewar (Figure 3.2B). Heat from the stage is constantly transferred to the 

carrier nitrogen gas so that stage temperature can be maintained around -180 ℃ to -170 ℃. This 

process guarantees that the sample stays at low temperature without the need of direct contact with 

liquid nitrogen, avoiding an undesired impact. In 2018, cryo-FIB/SEM was applied to examine the 

cross-sectional morphology of Li metal foil (Figure 3.2C). The cross section of commercial Li 

metal foil after room-temperature milling exhibits a porous structure with adequate amount of Ga 

implantation while the cryogenic-temperature milling well maintains the fully dense feature of 

commercial Li metal foil without noticeable Ga ion implantation, demonstrating the necessity of  
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Figure 3.2 (A) Schematic showing Li deposits in liquid electrolyte and Li metal in contact with 

solid electrolyte. (B) Cryogenic FIB/SEM instrument configuration. (C) Li metal cross-sectional 

morphology and chemistry difference by room-temperature FIB and cryo FIB. (D) 3D models 

demonstrating the workflow of 3D reconstruction. (E) 3D reconstruction of Li metal in liquid 

electrolyte. (F) 3D reconstruction of solid electrolyte layer. Cryogenic TEM sample preparation 

methodology using amorphous ice (G) and redeposition material (H).  

applying cryogenic temperature during FIB milling to preserve the pristine morphology and 

chemistry of beam sensitive materials such as Li metal66. 
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Cryo-FIB/SEM further enables the 3D-visulization of the material by coupling sequential 

milling/imaging steps and analysis software (Figure 3.2D). Such techniques have enabled the 

examination of Li metal deposit structure in three dimensions, quantitatively determining 

important parameters such as porosity, surface area and components volume ratio that correlate 

with the performance of anode materials. Yang et al. applied cryo-FIB/SEM to reconstruct the 

structure of Li metal deposited in different electrolytes, where the porosity and tortuosity of Li 

metal deposits were found to be positively related to the electrochemical performance of the 

specific liquid electrolyte71 (Figure 3.2E). Not limited to application in studying liquid electrolyte 

system, cryo-FIB/SEM has been confirmed effective for SE systems. (Figure 3.2F) 3D 

reconstruction of sulfide-based SE clearly unravels the internal structure of a pressed SE layer, 

building a relationship between the applied stacking pressure and the porosity of SE72. Such buried 

interfaces or bulk materials have remained unclear before the application of cryo-FIB/SEM, which 

adds up the missing yet critical knowledge for better understanding how electrolytes affect anode 

operation and how morphology is correlated to electrochemical performance. 

To date, conventional Ga-ion FIB/SEM has been widely employed for battery materials 

development including interface/interphase characterization, 3D quantification and simulation 

analysis. However, materials removal efficiency of Ga-ion FIB/SEM limits its capability to access 

representative area and volume in some battery materials systems, e.g., electrode with tens of 

micron particle size. Recently, the emerging plasma FIB/SEM (PFIB/SEM) technology has been 

developed with different ion sources and high removal efficiency. It promises great potential for 

battery materials characterization by accessing representative 2D area and 3D volume via 40-time 

faster (than Ga+ system) milling rate as well as enabling Ga-free sample preparation for alkali 

metal electrode through non-reactive ion source (Xe+ and Ar+ ion). 
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3.2.2 Cryogenic-FIB/SEM for TEM sample preparation  

Due to the requirement of electron transparency, TEM samples are commonly prepared by 

FIB/SEM. Not limited to characterizing the bulk material from cross-sectioning and reconstruction, 

cryo-FIB/SEM gives a chance to beam sensitive materials for TEM examination. Differing from 

the room-temperature TEM sample preparation process in FIB, the common material, platinum, 

as the connection media between a lamella and a micromanipulator cannot be used at cryogenic 

temperature. To lift out the lamella from bulk sample at cryogenic condition then becomes an 

important step to bridge cryo-FIB/SEM preparation and cryo-TEM measurement.  

There are two generally accepted methodologies for cryogenic liftout (cryo-liftout), as 

shown in Figure 3.2G & H. After the lamella is trenched from the bulk sample, a temperature-

controlled micromanipulator needle is inserted and made contact with the top edge of the lamella. 

A gas-injection system then releases water vapor to designated patterns and region to form 

amorphous ice so that the lamella and the needle can be connected, after which the lamella is lifted 

out from the bulk sample and mounted on TEM grid applying the same method, ready for final 

cleaning and thinning67. 

Another liftout method utilizes the redeposition mechanism during the FIB milling process. 

When the sample is bombarded by incoming Ga ions, surface materials are sputtered away in the 

forms of atoms, ions and clusters from their original positions and flying around in vacuum.  

Depending on ion beam intensity and sample geometry, a certain number of sputtered 

materials would redeposit on nearby surfaces in an amorphous form. When applying redeposition 

for cryo-liftout, the micromanipulator is parked at the top edge of the lamella, where a series of 

parallel cross-section milling patterns are used to mill the material from lamella so that it redeposits 
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around the pattern region and fills the gap so that the manipulator can be connected with the lamella 

(Figure 3.2H). After extracting the lamella from the bulk material, it is mounted on a TEM grid 

using the same protocol42. 

Amorphous ice is convenient and easier to apply as a connection material, however, there 

is a large chance that the reactive material itself such as Li metal can react with water vapor during 

the liftout process and lead to undesired surface chemical changes. To the contrary, redeposition 

method avoids the use of water vapor but uses the material itself for connection, which minimizes 

the impact of sample reactivity. Nevertheless, redeposition method requires experience and careful 

examination before it can be applied on the sample, giving rise to a larger chance of failure during 

cryo-liftout. Even so, both methods are compatible with TEM sample preparation that particularly 

needs cryogenic protection, which bridge cryo-FIB/SEM and cryo-TEM so that a bulk-to-

nanoscale characterization on beam sensitive material becomes possible. so that a bulk-to-

nanoscale characterization on beam sensitive material becomes possible. dvancing the 

understanding of beam sensitive electrodes and associated interfaces 

 

3.3 Advancing the understanding of beam sensitive electrodes and interfaces 

3.3.1 SEI and inactive components identification in metal anodes 

In 2017, two groups first explored the possibility of applying cryo-EM to study Li metal 

and associated interphases. Li et al. demonstrated the atomic structure of Li metal that was 

electrochemically deposited on a copper mesh TEM grid65. (Figure 3.3A) Two distinct SEI 

structures are identified – multilayered and mosaic structure, both with nanocrystalline inorganic 

species embedded in an organic amorphous matrix, consistent with the long-existing SEI models 

proposed in 1980s and 1990s73,74. (Figure 3.3B) Wang et al. observed the nanostructure of 
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electrochemically deposited Li metal under cryo-EM and identified the existence of lithium 

fluoride (LiF), a SEI component that has been proposed as one of the most important species56. 

Since the first introduction of cryo-EM to the battery field, Li metal research rapidly rejuvenated 

owing to this new suitable tool that can access nanoscale insights on metastable phenomena of 

beam sensitive components, enhancing the existing knowledge of electrochemically deposited Li 

metal and associated SEI species while also challenging conventional perspectives on SEIs.  

One of the famous debates that pertains to the dominating effects of SEI on Li metal anode 

cycling performance is on the role of LiF, which is predicted to form and dominate in the SEI 

when fluorinated electrolyte is used75. LiF is regarded as a species that facilitates the Li metal 

deposition due to its high stability against Li metal and low electronic conductivity, however,  the 

low ionic conductivity of LiF cast doubts on if this species can improve the transport and kinetics 

at the interphase during battery operation42. Further examination of SEI species on 

electrochemically deposited Li metal shows the evidence of crystalline LiF in SEI19 (Figure 3.3C). 

Later Cao et al. used a fluorinated orthoformate-based electrolyte for Li metal deposition, where a 

fully amorphous monolithic SEI on the order of 10 nm is identified on the surface of deposited Li 

metal. Fluorine signal within such an amorphous layer is detected via energy dispersive 

spectroscopy spectra (EDS)76. The improved electrochemical performance is claimed to be the 

result of the formation of such fluorine containing amorphous SEI. However, dissent was proposed 

soon by Huang et al., where they observe that LiF exists in a form of nanoparticle covered by 

lithium oxide (Li2O) and distributes near the bottom vicinity of Li metal dendrites. Elemental 

mapping by scanning transmission electron microscopy/electron energy loss spectroscopy 

(STEM/EELS) shows the absence of fluorine signal on the surface of Li dendrite69, further 

questioning the role of LiF for stabilizing SEI.  
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Figure 3.3 Cryo-EM for identifying (A) Li metal nanostructure, (B) SEI component and (C) 

inactive lithium distribution within Li dendrites. (D) Cryo-STEM imaging and EELS elemental 

mapping of Li metal within frozen electrolyte; (E) SEI components of Na metal anode in different 

electrolytes; (F) Li metal nucleation process captured by cryo-EM; (G) Si anode nanostructure at 

varying depth of discharge (DOD). (H) Li/LiPON interphase uncovered by cryo-STEM image, 

cryo-STEM-EDS linescan and cryo-TEM. 

Besides the investigation on LiF, the existence and role of lithium hydride (LiH) species 

has also raised considerable debates in the field. LiH was first identified by Zachman et al. who 
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successfully preserved cycled Li metal anode with liquid electrolyte as a whole entity in its original 

configuration by freezing the coin cell and transferring to cryo-FIB/SEM67. Adopting 3D 

reconstruction in cryo-FIB/SEM and cryo-STEM/EELS, an extended SEI layer wrapping around 

Li metal dendrites is found, with a majority of oxygen signal detected (Figure 3.3D). Two types 

of Li dendrites with distinct sizes and morphologies are unraveled, where LiH is identified by 

EELS for the first time in Li dendrites. Nevertheless, another work from Fang et al. excluded the 

presence of LiH in either SEI or bulk Li deposits using titration gas chromatography (TGC) and 

residual gas analyzer.19 The dispute regarding the existence of LiH also raised concerns on the LiF 

detection through TEM measurements by earlier literature since there is a chance that LiF and LiH 

species are mislabeled due to their similar lattice spacings77. Attempting to address the argument, 

Shadike et al. applied synchrotron-based X-ray diffraction and claimed both LiH and LiF species 

exist in SEIs77. Although more evidence is needed to have a solid conclusion on the presence of 

LiH and its impact on anode performance, LiH is proposed to form solid solutions with LiF and 

facilitate Li transport through interphases77. Such controversy has inspired increased research 

efforts on SEI, while prompting the battery community to look for ways to regulate cryo-EM data 

collection and interpretation by establishing standardized protocols to resolve the long-debating 

issues such as the role of LiF and LiH.  

Another factor that closely correlates with the cycling performance of Li metal anodes is 

the formation of inactive lithium during cycling. Non-uniform SEI and Li deposits are produced 

due to the inhomogeneous Li metal nucleation and growth. Inactive lithium generates when non-

uniform Li deposition and dissolution lead to the cleavage of thin Li deposits and electronically 

insulating SEI layers78,79. The loss of the electron pathway renders the Li metal wrapped within 

SEI unable to be dissolved as Li ions and make this portion of Li metal inactive, resulting in the 
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degradation of Li metal anodes. Cryo-EM also turns out to be a powerful tool to identify how the 

inactive lithium is distributed within Li deposits and how inactive lithium formation correlates 

with the performance of Li metal anode when coupled with TGC, further improving the 

understanding of the failure mechanism of Li metal anodes19 (Figure 3.3C). Knowledge gained 

from cryo-FIB/SEM and cryo-EM examinations have shifted the focus of Li metal research from 

eliminating Li dendrite growth to suppressing the formation of inactive lithium on Li metal anode 

during battery operation. 

Apart from Li metal batteries, new insights gained via cryo-EM also benefit other alkaline 

metal batteries, among which sodium (Na) batteries are now regarded as a promising technology 

particularly applicable in grid storage owing to the low cost of Na element and its abundance in 

earth crust. To enable the use of Na metal, a deep understanding of SEI formation on Na anodes 

is gained via exploring the effects of fluorinated ethylene carbonate (FEC) on the cycling behavior 

of Na metal anode. It is found that Na metal surface forms a multiplayer SEI structure containing 

sodium fluoride (NaF) and sodium phosphate (Na3PO4) when FEC is added into the electrolyte, 

exhibiting a higher stability compared with the SEI formed without FEC additive80 (Figure 3.3E). 

To practically utilize the high theoretical capacity of metal anodes, new strategies to minimize SEI 

growth and regulate metal deposition await new insights to be unveiled by a wider adoption of 

cryo-EM, which is a trending for future. 

 

3.3.2 Probing nucleation behavior of metal anodes  

To resolve the non-uniform metal deposition that leads to the formation of dendritic metal 

growth and subsequent inactive components, a comprehensive understanding of metal nucleation 

process in the early stage is critically needed. Wang et al. applied cryo-TEM to look at the Li metal 
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nucleation process, where an amorphous-to-crystalline transition that can tuned by current density 

and types of liquid electrolytes was observed81 (Figure 3.3F). Insights gained from such glassy 

metal formation at an early stage during Li metal deposition not only gives rise to new strategies 

on minimizing non-uniform Li metal plating, but extends the nucleation study on other metal 

species, i.e., Na, K, Mg and Zn. The similar glass formation discovered for these metals during 

deposition are distinct from common fast quenching process, calling for attention on 

electrochemically driven formation of metallic glasses that can be used for various applications. 

An alternative solution to regulate Li metal nucleation is the use of seeding layers that commonly 

include lithophilic metal species (i.e., Au, Ag) and metal compounds (i.e., MoS2). Work performed 

by Tao group demonstrated the advantage of offering nucleation sites for Li metal deposition that 

results in homogenous growth of non-dendritic Li deposits82,83.  

Ideally, Li metal ought to nucleate uniformly on the surface of the current collector and 

grow homogeneously to form large granular Li deposits with a columnar structure. In the very 

beginning of Li metal nucleation, factors such as current densities, electrolytes or seeding layers 

could play an important role. However, on a microscale level, external parameter control turns out 

to be crucial in determining the nucleation behavior of Li metal. Deploying cryo-FIB/SEM to 

observe the Li deposition morphology in the presence of different uniaxial pressures during battery 

cycling, Fang et al. shows that a columnar Li deposit structure with large grain sizes is achieved 

when the cell runs under a pressure of 350 kPa, where Li metal tends to form more homogenous 

nucleates and evolves to a dense, low-tortuosity and uniform deposit layer regardless of current 

densities or electrolyte types. A Li metal reservoir with such characteristics is consequently 

important for uniform Li metal deposition84. This work puts forward a universal strategy that can 

potentially boost the cyclability of Li metal anode in practical use by tuning the morphology of Li 
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deposits to reduce SEI formation and inactive Li accumulation, which also provides a guideline 

and potential solutions for other metal anode deposition processes. 

 

3.3.3 Progress in other anode systems  

The ubiquity of cryo-EM as a powerful analytic tool is not monopolized by the metal anode 

field. Graphite material has long been adopted in commercialized products owing to its stability 

and modest capacity7. It is well known that graphite is incompatible with propylene carbonate (PC) 

electrolyte due to the exfoliation effects upon lithiation. Recently Han et al. found that graphite 

exfoliation occurs even with ethylene carbonate (EC) based electrolyte, a compatible analogue 

instead of PC, when an aggressive formation process is applied. Detailed analysis gained by cryo-

EM sheds light on the importance of electrolyte additives such as vinylene carbonate and provides 

a mechanistic understanding of the impact of proper formation protocol on graphite anodes85.  

Promising for its high theoretical capacity, Si anode suffers from poor cyclability due to 

the drastic volumetric changes during lithiation and delithiation. An electrolyte additive FEC has 

been used for improving the cyclability while the underlying root cause remains elusive. Huang et 

al. deployed cryo-EM on Si anodes at different lithiation/delithiation states, where the SEI 

consisting of poly vinylene carbonate is found to be stable against oxidation and remains 

conformal after delithiation, contributing an enhanced cyclability70 (Figure 3.3G). Recently He et 

al. further unveil the correlation between the structural and chemical evolution of Si and its SEI in 

three dimensions by integrating EDS tomography, cryo-STEM and an advanced algorithm, where 

SEI is shown to grow towards the interior of the Si electrode and form dead Si as a consequence 

of continuous void generation during the repeated delithiation processes86.  
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The overview of anode study by cryo-EM emphasizes the importance for establishing 

appropriate protocols to protect beam sensitive anode materials during characterizations, featuring 

the vital role of cryo-EM on obtaining mechanistic understanding of complex metastable 

phenomena within anode materials. 

 

3.3.4 New insights in cathode and associated interphases 

Moving forward to the counter electrode in the battery system, cathode materials are 

generally more resilient under electron beam compared with anodes. Despite that cathodes have 

been intensively studied at atomic scale in the past few decades by normal-EM, with the ascending 

attention for interphase-controlled performance, cathode electrolyte interphase (CEI) also awaits 

rigorous research efforts. Due to the highly oxidative environment on the cathode surface during 

the charging process, most electrolytes decompose and form a thin layered material covering on 

the cathode. To access such a thin layer that is also air- and beam-sensitive, cryo-EM finds a way 

to explore the properties of CEI.  

Alvarado et al. studied the impact of sulfone-based liquid electrolyte on the performance 

of high-voltage LNMO cathode using cryo-EM, where the CEI found in baseline electrolyte 

exhibits a non-uniform coverage on LNMO surface, increasing the chance of cathode surface being 

exposed to fresh electrolyte and consuming Li source. However, the CEI found in the advanced 

electrolyte demonstrates a conformal coverage on LNMO particles with an evenly distributed 

thickness around 0.612 nm, well correlated with the improved electrochemical performance87. An 

analogous reduced CEI thickness and uniform CEI coverage on LiNi0.6Mn0.2Co0.2O2 (NMC) 

cathode have also been identified by Yang et al. when coupled with a liquid gas electrolyte 

system88. In another study by Zhang et al., the NMC cathode particle forms a uniform CEI layer 
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after an electrical shorting treatment at pristine state, leading to an improved capacity retention 

and reduced cell impedance89.  

Apart from solely demonstrating the morphology of CEI layers, cryo-EM also helps to 

identify the CEI species for sulfurized polyacrylonitrile (SPAN) cathode. In an ether-based liquid 

electrolyte system with lithium nitrate (LiNO3) additive, the CEI formed on SPAN particle consists 

of LiF and lithium nitrite (LiNO2), believed to be the key for the enhanced cyclability of SPAN 

cathode90. 

New insights on cathode study by cryo-EM have drawn more attention to the interphase-

pivoted electrochemical performance. Nevertheless, compared with anode systems, the uniqueness 

of cryogenic protection for cycled cathodes has not been well acknowledged in the literature. 

Detailed imaging parameter control such as electron dose needs to be well documented depending 

on the types of cathodes and state of charges, since highly charged cathodes exhibit a much higher 

beam sensitivity and chemical reactivity. Without proper protection, the electron beam especially 

under scanning mode can induce phase transformation of the cycled cathode materials more than 

the electrochemical cycling itself. 

 

3.3.5 Accessing buried solid-solid interfaces  

Unlike solid-liquid interface that is more convenient to access, solid-solid interface in 

batteries is generally difficult to characterize due to its buried nature and equally high reactivity to 

ambient and beam irradiation. In the case of all solid-state battery, a complex interface commonly 

forms between Li metal and SEs due to chemical or electrochemical incompatibility. Among 

common SEs, oxides are generally more beam tolerant, which enables high-resolution STEM 

imaging of their crystal structures and interphases with metal anode91–94. In contrast, other SEs 
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made of sulfides, halides, nitrides and polymers are prone to beam damage due to their intrinsic 

properties such as low electronic conductivity or weak chemical bonding. The formation of 

electrically insulating species upon decomposition between SEs and Li metal adds on difficulties 

for probing such solid-solid interfaces. Cryogenic protection turns out to be a solution for probing 

some of the SEs. Besides Li/LiPON system, the solid-solid interface between Li metal and a 

polymer SE, poly(ethylene oxide) (PEO) has also been investigated by cryo-EM. Sheng et al. 

unveils a Li/PEO interface comprising nanocrystalline Li2O, LiOH, and Li2CO3 species that are 

incorporated inside an amorphous phase95. The polycrystalline features of Li metal in the vicinity 

of PEO indicates the drastic thermodynamic instability that could lead to side reactions and 

increased cell impedance. A mitigation strategy is then proposed by adding Li2S to prevent the 

continuous reaction between Li metal and PEO. By coupling cryo-EM, XPS and computational 

methods, Li2S is shown to accelerate the decomposition of LiN(CF3SO2)2 (LiTFSI) that gives rise 

to a LiF-rich interphase between Li metal and PEO, which stabilizes the polymer electrolyte and 

enhances the ion transport properties95.  

The introduction of cryo-EM technologies in the different branches of battery research 

undoubtedly revived the efforts of achieving a practical metal anode battery with better cathodes 

for higher energy density and prolonged cyclability. Cryo-EM is the key to uncover the unknowns 

at LiPON-associated interfaces in TFB. 

 
Chapter 3, in full, is a reprint of the material, as it appears in: D. Cheng, B. Lu, G. 

Raghavendran, M. Zhang and Y. S. Meng, “Leveraging Cryogenic Electron Microscopy for 

Advancing Battery Design”, Matter, 2022, 5, 26–42. The dissertation author was the primary 

investigator and first author of this paper.  
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Chapter 4. Unveiling the Stable Nature of the Solid Electrolyte 

Interphase between Lithium Metal and LiPON via Cryogenic 

Electron Microscopy 
 

The solid electrolyte interphase (SEI) is regarded as the most complex but the least 

understood constituent in secondary batteries using liquid and solid electrolytes. The dearth of 

such knowledge in all-solid-state battery (ASSB) has hindered a complete understanding of how 

certain solid-state electrolytes, such as LiPON, manifest exemplary stability against Li metal. By 

employing cryogenic electron microscopy (cryo-EM), the interphase between Li metal and LiPON 

is successfully preserved and probed, revealing a multilayer mosaic SEI structure with 

concentration gradients of nitrogen and phosphorous, materializing as crystallites within an 

amorphous matrix. This unique SEI nanostructure is less than 80 nm and is stable and free of any 

organic lithium containing species or lithium fluoride components, in contrast to SEIs often found 

in state-of-the-art organic liquid electrolytes. Our findings reveal insights on the nanostructures 

and chemistry of such SEIs as a key component in lithium metal batteries to stabilize Li metal 

anode.  

 

4.1 Introduction 

The past four decades have witnessed intensive research efforts on the chemistry, structure, 

and morphology of the solid electrolyte interphase (SEI) in Li-metal and Li-ion batteries (LIBs) 

using liquid or polymer electrolytes, since the SEI is considered to predominantly influence the 

performance, safety and cycle life of batteries.75,96–100 Pioneering work by Peled et al.74 and 

Aurbach et al.73 has independently proposed two widely accepted SEI models – a mosaic SEI and 

a multilayer SEI – to explain the structural and chemical evolution mechanism during the SEI 

formation. Regardless of the structural difference in the models, consensus is that most SEIs in 
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organic liquid or polymer electrolytes are comprised of both inorganic species that are 

thermodynamically stable against Li metal and organic species that are partially reduced by Li 

metal.73,74 A recent study using tip-enhanced Raman spectroscopy investigated the nanoscale 

distribution of the organic species in the SEI formed on amorphous silicon.101 Although the studies 

on SEI chemistry and morphology formed by using various electrolyte compositions and electrode 

materials have been well documented in literature, existing models still require further efforts to 

be truly validated in terms of the distribution of nanostructures within the SEI layer. The dearth of 

SEI studies for solid-state electrolytes (SSE) also leaves the SEI formation mechanism at the 

Li/SSE interphase elusive. 

Originating from the structural biology field, cryogenic focused ion beam (cryo-FIB) 

and cryogenic electron microscopy (cryo-EM) have recently been introduced to battery research, 

and have proven the ability to preserve and probe Li metal for quantitative structural and 

chemical analysis.56,102,103 Li et al. observed different nanostructures in SEIs formed in standard 

carbonate-based electrolyte and fluorinated-carbonate-based electrolyte respectively by using 

cryo-EM. They hypothesize that the enhanced electrochemical performance using fluorinated 

electrolyte is attributed to the formation of a multilayer SEI structure, in contrast to the mosaic 

SEI structure formed with standard carbonate-based electrolyte, which stressed the competing 

impact of SEI nanostructure versus SEI chemistry for stabilizing Li metal anodes.104 Further, 

Cao et al. observed a monolithic amorphous SEI in electrolyte that contains highly-fluorinated 

solvents. The homogeneous and amorphous features of this SEI was proposed to be the key for 

the largely improved Coulombic efficiency and dense Li plating.76 These findings highlighted 

the importance in investigating the SEI nanostructure formed in liquid electrolytes, and also 
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prompted cryo-EM-based examination of the SEI in ASSBs, which can provide missing yet 

critical insights on how to build a stable interphase between SSE and Li metal.  

Given the susceptibility of LiPON and Li under electron beam exposure,56,105 herein we 

combined cryo-FIB and cryo-EM to preserve the Li/LiPON interphase and characterize its 

chemistry and structure. We observed concentration gradients of nitrogen and phosphorous into 

Li metal, and a <80 nm thick interphase consisting of a distribution of crystalline decomposition 

products embedded within an amorphous matrix. The observed structural and chemical 

evolution across the interphase identifies the SEI components to be Li2O, Li3N and Li3PO4, 

with a unique multilayer-mosaic distribution, confirmed by XPS depth profiling. The observed 

distinct SEI components (Li3N and Li3PO4) are compared with the SEI in liquid systems and 

the multilayer-mosaic distribution sheds light on their positive effect on stable Li metal cycling. 

According to these findings, we propose a formation mechanism of the interphases and discuss 

how this type of SEI facilitates stabling cycling against Li metal. 

 

4.2 Experimental Methods 

4.2.1 Sample preparation 

LiPON thin film was deposited on Pt/Cr/SiO2/Si substrate by radio-frequency (RF) 

sputtering using a crystalline Li3PO4 target (2″ in diameter, from Plasmaterials, Inc.) in UHP 

nitrogen atmosphere. Base pressure of the sputtering system was 3×10-6 Torr. LiPON deposition 

used a power of 50W and nitrogen gas pressure of 15 mTorr. The as-deposited LiPON thin film 

was 1 μm in thickness with a growth rate of ~0.46 Å/min. Ionic conductivity of as-deposited 

LiPON thin film was measured by electrochemical impedance spectroscopy (EIS) to be 3×10-6 

S/cm, similar to that in literature.55 After RF sputtering, LiPON thin film was transferred with 
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environmental isolation from the sputtering chamber to thermal evaporation chamber to minimize 

air exposure and prepare for lithium metal deposition. Lithium metal thin film was evaporated on 

LiPON in a high-vacuum chamber with a base pressure lower than 3×10-8 Torr. Growth rate and 

film thickness of the lithium metal were monitored by a quartz crystal microbalance (QCM). The 

average evaporation growth rate was calibrated to be ~1.53 Å/s. Film thickness was controlled by 

deposition rate and deposition time. For the full cell fabrication, LNMO cathode was first 

deposited on Pt-coated (100 nm thick) alumina substrate by pulsed laser deposition (PLD) using a 

Lambda Physik KrF Excimer laser. Laser fluence and repetition rate were set at ~2J cm-2 and 10 

Hz. During deposition, substrate temperature was 600°C and oxygen partial pressure was 

controlled at 0.2 Torr. LNMO film had a thickness of 650 nm with an active area of 4.9 mm2 and 

an active mass of ~0.013 mg. Active material loading is 0.03 mAh/cm2. LiPON solid electrolyte 

and Li metal anode were subsequently deposited following the procedures above. The thickness 

of Li metal anode was 570 nm, which corresponded to 203% excess capacity compared to that of 

cathode. 

 

4.2.2 Liquid cell fabrication 

The materials were all purchased from vendors without any further treatment. The 

electrode was casted on the Al foil by the doctor blade method. The ratio of active material (LNMO, 

Haldor Topsoe), conductive agent (SPC65, Timical) and binder (PVDF HSV900, Arkema) was 

90:5:5, the electrode was dried in the vacuum oven overnight after casting. Active material loading 

is 0.65 mAh/cm2 (~4.5mg/cm2). The size of the electrode was 12.7mm as the diameter, the coin 

cell type was CR2032. 50 μL electrolyte (1M LiPF6 in EC:EMC=3:7 wt%), one piece of Celgard 



 42 

2325 separator and Li metal chip were used. As for the testing protocols, two cycles at C/10 (1C 

= 147 mA/g) were applied and rest cycles were conducted at C/3. 

 

4.2.3 Electrochemical measurement 

Thin film full cell was cycled between 3.5 V and 5.1V using a Biologic SP-200 low current 

potentiostat. A constant current of C/10 was applied at the 1st, 2nd and 535th cycle. A constant 

current of 5C was applied during the rest of cycles.  

 

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

A FEI Scios DualBeam FIB/SEM equipped with cryo-stage was used to observe the surface 

and cross-section morphology of Li/LiPON sample and prepare for TEM sample. The operating 

voltage of electron beam was 5 kV. Emission current of electron beam was set to 25 pA to 

minimize potential damage of electron beam on Li/LiPON sample surface and cross-section. An 

argon ion beam source was used to mill and thin the sample. The operating voltage of ion beam 

source was 30 kV. Different emission currents of ion beam were chosen for different purposes, i.e. 

10 pA for imaging by ion beam, 0.1 nA for cross-section cleaning/lamella thinning and 3 nA for 

pattern milling. To preserve the Li/LiPON interphase during TEM sample preparation, cryo-stage 

was used during pattern milling, cross-section cleaning and lamella thinning processes, where the 

temperature of cryo-stage was maintained at around -185℃ due to heat exchanging with cooled 

nitrogen gas.  
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4.2.5 Cryogenic lift-out methodology 

Conventional cryo-FIB preparation process requires the stage and sample to cool down and 

remain stable at liquid nitrogen temperature before further milling or thinning, which alone 

approximately consumes at least 1.5 hour and about 5 liters of liquid nitrogen. Pt deposition was 

required to connect lamella with the tungsten probe for lamella lift-out and mounting, which could 

not be performed due to the inability to heat Pt source under cryogenic temperature (around 100K). 

To avoid repeatedly cooling and warming the stage during Li/LiPON TEM sample preparation, 

we applied a cryo-lift-out methodology by using redeposition, which has essentially improved the 

work efficiency and saved research resources. Figure 4.2 demonstrates the methodology to 

complete a cryo-lift-out without Pt deposition at liquid nitrogen temperature, which saves 3-4 

hours for each TEM sample preparation.  

 

4.2.6 Cryogenic (scanning)/transmission electron microscopy (cryo-S/TEM) 

The Li/LiPON interphase lamella for cryo-EM observation was extracted from a separate 

deposition, which was comprised of Li metal, LiPON and substrates. The Li/LiPON lamella was 

transferred from the FIB chamber under vacuum using an air-free quick loader (FEI), and stored 

in an Ar purged glovebox. STEM/EDS line scan results and TEM images were recorded on a JEOL 

JEM-2800F TEM, equipped with a Gatan Oneview camera operated at 200 kV. A single-tilt liquid 

nitrogen cooling holder (Gatan 626) was used to cool the samples to approximately -170℃ to 

minimize electron beam damage where the TEM grids were sealed in heat-seal bags and 

transferred to TEM column using a purging home-made glovebox filled with Ar gas. STEM/EELS 

results were obtained on a JEOL JEM-ARM300CF TEM at 300 kV. A TEM cryo-holder (Gatan) 

was used to load the sample where TEM grids were immersed in liquid nitrogen and then mounted 
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onto the holder via a cryo-transfer workstation. The whole TEM sample preparation and transfer 

process guaranteed minimum contact of Li metal with air.  

 

4.2.7 X-ray photoelectron spectroscopy 

X-Ray photoelectron spectroscopy (XPS) was performed in an AXIS Supra XPS by Kratos 

Analytical. XPS spectra were collected using a monochromatized Al Kα radiation (hυ = 1486.7 

eV) under a base pressure of 10-9 Torr. To avoid moisture and air exposure, a nitrogen filled 

glovebox was directly connected to XPS spectrometer. All XPS measurements were collected with 

a 300 × 700 µm2 spot size. Survey scans were performed with a step size of 1.0 eV, followed by a 

high-resolution scan with 0.1 eV resolution, for lithium 1s, carbon 1s, oxygen 1s, nitrogen 1s, and 

phosphorous 2p regions. A 5 keV Ar plasma etching source was used for depth profiling with a 

pre-etching for 5 s, etching for 60 s and post-etching for 10 s. All spectra were calibrated with 

adventitious carbon 1s (284.6 eV) and analyzed by CasaXPS software. 

 

4.2.8 Cryogenic X-ray Diffraction 

The powder crystal X-ray diffraction was carried out on a Bruker micro focused rotating 

anode, with double bounced focusing optics resulting in Cu Kα1 and Kα2 radiation (λavg =1.54178 

Å ) focused at the sample. A sample of LiPON was mounted onto a four circle Kappa geometry 

goniometer with APEX II CCD detector. The sample was cooled and data were collected in a 

nitrogen gas stream at 100 K. 
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4.2.9 Electron Energy Loss Spectroscopy Simulation 

Electron energy loss spectroscopy simulations were conducted using FEFF9 software. The 

crystal structures used included a Li2O cif file (ID #22402), a Li3PO4 cif file (ID # 77095) and a 

Li3P cif file (ID # 240861) taken from ICSD database. The amorphous LiPON structure was 

generated by AIMD. The simulation parameters for FEFF9 included beam energy of 200 keV, 

collection and convergence angles of 10 mrads, xkmax value of 4, xkstep value of 0.02 and estep 

value of 0.01. Hedin Lundqvist exchange and RPA corehole were used for electron core 

interactions in FEFF9.  

 

4.2.10 Calculation of Diffusion Barriers in Li Metal 

Density functional theory (DFT) calculations were performed using the generalized 

gradient approximation (GGA)106 approximation, and projector augmented-wave method 

(PAW)107 pseudopotentials were used as implemented by the Vienna Ab initio Simulation Package 

(VASP)108,109. The Perdew-Burke-Ernzerhof exchange correlation110 and a plane wave 

representation for the wavefunction with a cutoff energy of 450 eV were used. For calculations of 

diffusion in Li metal, the Brillouin zone was sampled with a k-point mesh of 5x5x5 for both 

structural relaxations and nudged elastic band (NEB)111 calculations. NEB calculations were 

performed placing dopant ions in interstitial locations of a 128 Li atom unit cell and interpolating 

5 intermediate images. 
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4.3 Results 

4.3.1 Electrochemistry and a methodology for interface sample preparation 

The presence of a stable interface between Li and LiPON was first demonstrated by a thin 

film battery consisting of a high-voltage spinel LNMO cathode, a LiPON solid electrolyte and a 

Li metal anode. Figure 4.1A shows the representative voltage curve of LNMO cathode. The  

 

Figure 4.1 Electrochemical performance of Li/LiPON/LNMO full cell and cryo-STEM EDS 

results. (A) The voltage profiles of the 1st, 2nd and 535th cycle. (B) The Coulombic efficiency 

change with cycle numbers over 500 cycles. (C) Cryo-FIB-SEM cross-sectional image of the 

Li/LiPON sample. (D) Cryo-STEM DF image of Li/LiPON interface. EDS mapping results of P 

(E) and N (F) signals in the region shown in (D). (G) EDS line-scan of P and N signals (counts per 

second) along the black dashed arrow in (D). P and N signals were normalized respectively and 

plotted along the arrow to show the concentration gradient across the interface. 
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discharge capacity did not experience obvious degradation after 535 cycles at a charge/discharge 

rate of 5C. Figure 4.1B displays the Coulombic efficiency (CE) change as cycling proceeded, 

where the CE was stabilized beyond 99.70% after 100 cycles and 99.85% after 400 cycles, which 

is much better than liquid cell equivalents. The excellent electrochemical cycling of this full cell 

not only confirmed the superior cyclability of LiPON against Li metal anode, but also rendered us 

eligible to further investigate the nature of this stable interfaces within this battery. 

To access a buried interface and elucidate its significance for long-term stable cycling, a 

combination of FIB and TEM was used, as proven effective to explore many interfacial 

phenomena.41,45,57,112 Considering the high reactivity and beam sensitivity of both Li metal and 

LiPON, cryogenic protection is necessary to minimize the potential damage and contamination 

during sample preparation, transfer, and imaging. 19,56,66,71 Here, we have applied a method of 

transferring a lamella from the bulk sample to the FIB grid in order to avoid the contamination 

from organometallic Pt or amorphous ice, both of which have been used as bonding materials in 

FIB.66,67 Conventionally, organometallic Pt is deposited to attach the lamella to the nano 

manipulator, which is then transferred to a FIB grid.66 This process is generally performed at room 

temperature, but is impeded under cryogenic temperature due to the condensation of 

organometallic Pt vapor. Alternatively, Zachman et al. used water vapor as a connection material, 

which condenses to amorphous ice in cryo-FIB.67 Note that both Pt and water can react with Li 

causing potential damage and artifacts to the Li/LiPON interphase. Therefore, we applied a re-

deposition mounting methodology in the cryo-FIB, where the etched Li metal material was trapped 

and redeposited at the gap between lamella and manipulator or FIB grid as the connection material. 

Details of this methodology can be found in Figure 4.2. In this way, no extra materials were 
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introduced while conducting the cryo-lift-out for preserving and preparing well-defined Li/LiPON 

interphases for study in this work.  

 
Figure 4.2 Redeposition mounting methodology. At -180 ℃, several rectangular milling patterns 

are drawn at the junction of tungsten probe and lamella top surface. A 10-pA ion beam current is 

then used to mill through the patterned region, where the redeposition materials will redeposit at 

the surrounding region and connect lamella with the tungsten probe for liftout at cryogenic 

temperature. 

As shown in Figure 4.1C, the Li/LiPON interphase lamella was extracted from a sample 

that consists of 1.5-μm lithium metal deposited on a LiPON thin film and thinned to less than 120 

nm for TEM observation. The TEM sample was transferred into the TEM column with minimum 

air exposure using a glovebox. The sample protection methods for each transfer process are listed 

in Table 2.1. Prior to the observation of Li/LiPON interphase, we first examined the beam stability 

of LiPON in cryo-EM since FIB-prepared LiPON has shown electron beam susceptibility at room 

temperature.105 Figure 4.3 demonstrates that continuous high-resolution imaging in cryo-STEM 

did not cause obvious damage or morphology change of LiPON, showing the capability of cryo-

FIB and cryo-EM to preserve the structure of otherwise beam intolerant solids.57 Besides the beam 

stability, the amorphous phase of LiPON at cryogenic temperature was confirmed by cryo-XRD, 
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as shown in Figure 4.4, to exclude the effect of potentially phase change of LiPON during the 

following cryo-(S)TEM observations.  

Table 4.1 Electrical and ionic conductivities of different SEI components 

 Electronic Conductivity (S/cm) at 298K Ionic Conductivity (S/cm) at 298K 

Li2O113 10-14 10-12 

Li3N114 10-12 10-4 

Li3PO4
37,115 10-9 10-8 

LiF116,117 <10-12 <10-8 

LiCl118,119 10-6 <10-7 

Li2S120,121 10-9 10-8 

 

 
Figure 4.3 Beam stability demonstration of LiPON under high-magnification cryo-STEM 

 

 
Figure 4.4 Room-temperature and cryo-temperature XRD of LiPON. (A) The XRD pattern of 

pristine LiPON (black) and LiPON exposed in air for 2 days (red). The peaks on the exposed 

LiPON can be indexed to the peaks from Li2CO3 as shown at the bottom. (B) The cryo-XRD 

pattern of pristine LiPON showing the amorphous phase of LiPON at 100 K. 
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4.3.2 Concentration gradient across the Li/LiPON interface 

Figure 4.1D shows the cryo-STEM dark field (DF) image of the Li/LiPON interface where 

the Li metal and LiPON regions are approximately distinguished by the contrast difference. 

Regions were further identified by energy dispersive x-ray spectroscopy (EDS) mapping results of 

the elemental distribution of P (Figure 4.1E) and N (Figure 4.1F). Interestingly, P and N content 

were both observed in the Li metal region. To quantify the chemical evolution across the interface, 

an EDS line-scan was carried out at the region indicated by the black dashed line in Figure 4.1D, 

where the concentration evolution of P and N were captured and plotted in Figure 4.1G. From the  

 
Figure 4.5 EDS linescan at the interphase. (A) Cryo STEM DF image of Li/LiPON interphase. (B) 

EDS linescan CPS of O, P and N signals with respect to distance along the black dashed arrow in 

(A). The Li metal region, interphase region and LiPON region are indicated by the blue, orange 

and green background, respectively.  

Li metal to the LiPON, both concentrations of P and N had a clear increase and reached their 

maximum in the bulk LiPON region, where elemental P and N were uniformly distributed in the 

bulk of LiPON. Interestingly, the presence of P and N was not directly correlated to the contrast 

difference associated with the Li/LiPON interface. Instead, the concentration changes began from 

Li metal region, with a gradient of P and N increasing across the interphase. Furthermore, N signal 

was detected from a much deeper region into the Li metal side than P signal, indicating a further 
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diffusion of N species into the Li metal region compared with P. Based on the concentration 

gradient in Figure 4.5, the width of Li/LiPON interphase region was about 76 nm. 

 

4.3.3 High resolution observation of a nanostructured interphase 

To probe the structural evolution associated with the observed concentration gradient, 

cryo-high-resolution TEM (HRTEM) was performed at the Li/LiPON interface (Figure 4.6A). The 

inset fast Fourier transform (FFT) pattern in Figure 4.6A first illustrates the coexistence of Li metal, 

Li2O, Li3N and Li3PO4 species distributed in the probing area by matching the lattice spacings of 

corresponding species with the pattern, hereby identifying this interface as a complex, 

nanostructured interphase. The compositional evolution from the Li metal region to LiPON region 

was then investigated stepwise, with FFTs taken from region 1 to region 4 as highlighted by the 

orange squares in Figure 4.6A, corresponding to Figure 4.6B, D, F & H respectively. In the region 

near the Li of the Li/LiPON interphase (Region 1), the presence of Li metal and Li2O were 

identified based on the FFT spots of (110) plane of Li metal and (111) plane of Li2O shown in 

Figure 4.6B. Region 1 represents the beginning of the interphase, with a mixing of Li metal and 

Li2O, due to the extreme susceptibility of Li metal to oxygen to form Li2O. Moving further inside 

to Region 2, the FFT (Figure 4.6D) identified the appearance of Li2O, Li3N and small amount of 

Li metal, according to the lattice spacings. The (001) FFT spot of Li3N demonstrated an earlier 

appearance of N at the interphase, which was likely related to the diffusion of N species within Li 

metal. Approaching closer to LiPON region (Region 3), no Li metal was observed and Li2O, Li3N 

and Li3PO4 species were identified by FFT shown in Figure 4.6F. All of the species present at 

Region 3 are considered decomposition products of the LiPON, in part predicted by DFT 
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thermodynamic calculation.25 Figure 4.6H demonstrates the amorphous structure of LiPON in the 

bulk region (Region 4).  

As for the nanostructures, Figure 4.6C was acquired from Region 1 in Figure 4.6A, where 

the nanostructures of Li metal and Li2O were found to be surrounded by amorphous region. The 

size of these nano crystals was about 3-5 nm. Figure 4.6E, G & I display the nanostructures at the 

Region 2-4 in Figure 4.6A, respectively. Notably, all the nano crystals were found to be embedded 

in an amorphous matrix, with a mosaic-like SEI distribution. However, a layered distribution of 

decomposition products was also indicated as discussed previously from Region 1 to Region 4, 

which will be further discussed in the following sections. All the nanostructures at the interphase 

being embedded in an amorphous matrix maintained the fully dense nature of Li/LiPON interphase 

even after decomposition. From the cryo-TEM and STEM EDS analyses, thus, we observe that (1) 

the width of Li/LiPON interphase was about 76 nm, (2) the interphase exhibits concentration 

gradients of P and N, and (3) the interphase consisted of the decomposition products as predicted 

in the form of nanostructures embedded in a dense amorphous matrix. The presence of Li3N at the 

Li/LiPON interphase is analogous to successful liquid-electrolyte SEIs which have enabled 

stabilized Li metal.25,122,123 To obtain the statistics of the interphase distribution, the thicknesses of 

different layers (Li+Li2O, Li+Li2O+Li3N and Li2O+Li3N+Li3PO4 layers) within the interphase 

was extracted from ten different regions, where the depth of each layer was recorded and plotted 

in Figure 4.6J. The averaged thicknesses of each layer are summarized in Figure 4.6K, where the 

thickness of Li+Li2O, Li+Li2O+Li3N and Li2O+ Li3N+ Li3PO4 layers are 21.1 nm, 11.6 nm and 

43.7 nm in average, constituting a interphase with an average thickness of 76.4 nm, consistent with 

the observations from EDS line-scans. 
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Figure 4.6 Nanostructures of Li/LiPON interphase and statistics of cryo-TEM results. (A) HRTEM 

image of the interphase where four regions (region 1-4) are highlighted by orange squares to 

indicate different stages of the multilayered structure across the interphase. Inset image is the FFT 

result of the whole area in (A). (B, D, F & H) FFT patterns corresponding to region 1-4. (C, E, G 

& I) Nanostructure schematic corresponding to region 1-4. (J) Depth distribution of different layers 

within the interphase extracted from 10 different regions. (K) The thicknesses of different layers 

averaged from the results in (J). 
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4.3.4 Cryo-STEM-EELS uncovers local chemical environment 

Cryo-STEM-EELS was conducted to obtain further insight of the chemical evolution 

across the Li/LiPON interphase. Figure 4.7A shows the cryo-STEM DF image of the sample where 

five spots highlighted within the green arrow were sampled to extract the EELS spectra of Li K-

edge, P L-edge and O K-edge along the interphase shown in Figure 4.7B. EELS spectra were 

acquired every 12 nm with the lowest point located at the LiPON region. As comparison, EELS 

spectra for corresponding edges of Li2O, Li3PO4, Li3P and LiPON species were simulated by 

FEFF9 and shown in Figure 4.7C. The amorphous LiPON structure (shown in Figure 4.8) was 

generated by ab initio molecular dynamics (AIMD) following the protocol outlined by Lacivita et 

al.52  

The experimentally measured EELS spectra for Li K-edge, P L-edge and O K-edge at 

LiPON region (black spectra in Figure 4.7B) agreed well with the simulated EELS spectra for 

corresponding edges of LiPON in Figure 4.7C. The consistency further corroborates the structural 

model used to generate LiPON EELS, which has been unclear until recently.37,52,55 The two main 

peaks as labeled as peak I and peak II in the Li K-edge spectra in Figure 4.7B have brought 

intriguing insights. According to the simulation, peak I (located at around 59.5 eV) corresponded 

to the main peak in Li K-edge spectra of LiPON while peak II (located at around 63 eV) 

corresponded to the main peak of Li2O (Figure 4.7C). As moving from the interphase towards 

LiPON region, the intensities ratio of peak I to peak II increased in the experimental spectra. This 

implied that both Li2O and LiPON contributed to the experimental Li K-edge spectra (Figure 4.7B),  
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Figure 4.7 Cryo-STEM-EELS analysis of Li/LiPON interphase. (A) Cryo-STEM DF image of 

Li/LiPON interphase, where five spots highlighted in the green arrow are sampled to extract EELS 

spectra of Li K-edge, P L-edge and O K-edge shown in (B). The spacing between each sampling 

point is 12 nm. Inset is a low-magnification STEM DF image of the sample, where the orange 

rectangle indicates the sampling area shown in the main image. (C) Li K-edge, P L-edge and O K-

edge EELS spectra of Li2O, Li3P, Li3PO4 and LiPON simulated by FEFF9. 

 
Figure 4.8 Amorphous LiPON structure generated by AIMD. This structure contains 46 Li atoms, 

16 P atoms, 55 O atoms and 5 N atoms, with a stoichiometry of Li2.88PO3.44N0.31. 
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and that the contribution from Li2O was decreasing as approaching closer to LiPON region. This 

observation agreed with the cryo-TEM results, where the interphase was identified as nanocrystals 

distributed within an amorphous matrix that is likely to consist of structural units of LiPON. In 

terms of P L-edge spectra in Figure 4.7B, the two peaks located around 138 eV and 141 eV 

originated from the P-O polyhedral structure, which were consistent with peak features in the 

simulated P L-edge from Li3PO4 and LiPON in Figure 4.7C, as both have P-O/N polyhedra as the 

primary structural units. No obvious changes of the edge features were observed except the peak 

intensities for the P L-edge from interphase to LiPON, indicating the presence of P-O polyhedra 

at the interphase, emphasizing its structural stability. Similarly for the O K-edge, the experimental 

spectra did not exhibit notable changes in the edge features through the interphase, indicating the 

persistence of the local structure in the form of P-O polyhedra. Thus, cryo-STEM-EELS confirmed 

that the decomposition products were embedded in the amorphous matrix, which was likely to be 

a mixing of P-O tetrahedrons. 

 

4.3.5 Chemical evolution confirmed by XPS depth profiling 

Cryo-EM analysis revealed the structure and chemistry of the nanoscale Li/LiPON 

interphase, though locally. To complement the observation from cryo-EM in a larger scale across 

the interphase and confirm the structural distribution within the SEI structure, X-ray photoelectron 

spectroscopy (XPS) depth profiling was conducted on Li/LiPON thin films samples with 100-nm-

thick Li metal evaporated on the top of the LiPON. Since the etching rate was non-quantitative, 

the etching depth was linearly converted from the etching time and thus shown with an arbitrary 

unit. Figure 4.9 illustrates the chemical evolution of O 1s, N 1s, P 2p and Li 1s regions of the 

Li/LiPON sample with etching through the interphase layer. For comparison, reference XPS 
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spectra of a LiPON thin film sample was shown in Figure 4.10. Before etching started, only O 1s 

and Li 1s signal were obtained, which can be attributed to the surface Li2CO3 and interphase Li2O 

species. At an etching depth of 54, signal from N 1s appeared. As the N 1s peak became stronger, 

the spectra could be assigned to Li3N, appearing at a binding energy of 394.4 eV. Note that no P 

2p signal was detected at this stage. However, when the etching depth reached 138, the presence 

of P 2p peak located at 132.8 eV implied the existence of P-containing species, which was mainly 

attributed to phosphate groups at the interphase. The composition content changes of O 1s, N 1s 

and P 2p were plotted in Figure 4.11, showing that after the C signal was mostly eliminated at the 

etching depth of 54, the content of Li and O almost remained the same along the interphase. The 

concentration gradient of N and P species were also present where N 1s signal appeared first during 

etching and P 2p signal started to emerge after. The unique sequential distribution of O-, N- and 

P- containing species identified by XPS depth profiling provided another evidence of the 

multilayered structure of such interphase, where mosaic structures were present in each layer, 

according to the cryo-EM findings. 

 

Figure 4.9 XPS analysis. Chemical evolution of O 1s, N 1s, P 2p and Li 1s along Li/LiPON 

interphase by XPS depth profiling. 
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Figure 4.10 Reference XPS spectra of LiPON for O 1s, N 1s, P 2p and Li 1s regions. 

 

 
Figure 4.11 Chemical evolution of O 1s, N 1s, P 2p and Li 1s along Li/LiPON interphase by XPS 

depth profiling. (A) Composition content evolution of O, C, N, P and Li elements through the 

interphase. (B) zoomed-in content evolution plot of O, N and P elements from (A), where gradients 

of N and P are observed and N signal appears first at the interphase. 
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4.4 Discussion 

4.4.1 On the formation of a stable interphase 

Through cryo-EM, spatially resolved characterization of a solid-solid interphase on the 

order of 100 nm was achieved, highlighting the importance of precise control of temperature and 

environment when observing buried interfaces. The formation of such a fine interphase requires 

consideration of potential mechanistic pathways for decomposition, but also stabilization. A 

primary consideration, recent literature has described RF-sputtered LiPON as a dense, stable glass. 

Sputtered glassy films are desirable for their uniformity, but also their high density, potentially 

exhibiting characteristics of a glass annealed on extremely long time-scales. So-called ultrastable 

glasses exhibit high kinetic stability and are speculated to be one source of the remarkably small 

interphase.124 

Despite the potential for kinetic stability, the high reduction potential of Li metal will drive 

decomposition of a pristine SSE interface, predicted by DFT. By alternating the composition and 

chemical potential of Li, one can compute a grand potential space where a convex hull can be 

constructed. Compounds that sit on the convex hull at a given lithium chemical potential are 

considered stable against Li metal.26 These DFT results suggested a decomposition reaction 

between Li and LiPON will result in the formation of Li3P, Li2O and Li3N as the equilibrium 

constituents, which has been complemented by in situ XPS findings.25,31 At high potentials 

alternate phase equilibria are predicted, forming P3N5, Li4P2O7, and N2 at the oxidation potential;25 

these results are counterintuitive, provided the cyclability of cells including the Li/LiPON interface, 

and suggest other considerations are lacking, particularly compositional variability.  

Converse to calculated phase equilibria, we observe the Li/LiPON interphase to consist of 

Li3PO4, Li2O, Li3N within an amorphous matrix, lacking a clear signature of Li3P. While 
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predicted26 and observed,30,125 Li3P is unlikely to be stable at an interphase at equilibrium. The 

metastability of Li3P is further corroborated by its absence at the Li-metal/Li7P3S11 interphase.126 

These observations highlight the potential difference between metastable, transient states, as likely 

observed via in situ XPS, and equilibrium structures achieved by thick layers of Li. These 

differences may be brought on by the modified activity of reduced volumes of Li metal. Diffusivity 

of decomposed ions also provides chemical flexibility in stable phase formation, here, driven by 

the low formation energy of Li3PO4 relative to Li3P (-2.769 eV and -0.698, respectively).127  

Further deviation from the predicted phase equilibria exist as a function of spatial 

distribution of the nanocrystals. This is likely enabled by the surprisingly wide distribution of N 

and P signatures through the interface, suggesting the concurrent dissociation via the reductive 

potential of Li and elemental diffusion due to the presence of elemental concentration gradients. 

Under-coordinated apical N (Na) sites are most susceptible to bond dissociation, exhibiting bond 

strengths nearly half as low as P-O bonds.128 Cleavage energy calculations of P-Na and P-O bonds 

from isolated phosphate tetrahedra similarly show P-O bonds in isolated PO4 polyhedra to be 

approximately three times stronger than P-N, with N bridging (Nb); this is consistent with previous 

literature showing that P-Nb bond tends to be the first chemical bond to break when LiPON is 

reduced by Li metal.129 After the cleavage of P-Nb bond, the remaining undercoordinated PO3 

either give way to further decomposition or contribute to the formation of the amorphous matrix.  

The presence of the N and P gradients through the interface (as determined by dark field 

contrast) indicates that there is significant diffusivity of the decomposed species within the Li 

metal. To corroborate the potential for diffusion through Li metal, complimentary transition state 

calculations show a low energy barrier for interstitial diffusion (Figure 4.11A) for both P and N 

(0.42 eV and 0.5 eV, respectively, as shown in Figure 4.11B), a likely contribution to gradients 
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observed via EDS. While it is known that nitrogen incorporation into Li3PO4 structure enhances 

the ionic conductivity by two orders of magnitude37, previous computation efforts using either bulk 

crystalline LiPON structure 33 or LiPON chains 129 against Li metal, showed that P-N-P bond at 

the bridging-N site is the most thermodynamically and kinetically unstable in LiPON structures. 

 
Figure 4.12 Interstitial diffusion. Decomposed LiPON components may (A) diffuse through Li 

metal via interstitial diffusion. Transition state calculations show (B) diffusion barriers of P, O and 

N in Li metal to be 0.42 eV, 0.5 eV and 1.08 eV, respectively, indicating the low diffusion barriers 

of N and P. 

It should become apparent that the presence of a complex, stable interphase enabling 

stability against Li metal in part by the modification of the phase diagram associated with 

decomposition. At a very early stage, Li metal first reacts with LiPON and diffuses into LiPON 

region in the form of Li+ ions. With the proceeding of the interphase equilibration, decomposed 

structural units or ions will remain mobile within Li metal either diffusing through the bulk of Li 

metal or crystalizing when a critical concentration is achieved. Diffusion gradients observed result 

in the gradual shielding of the SSE, ultimately reducing the reductive potential of Li acting on the 

LiPON. As concentrations of dissociated atoms increase at the interface, further structural 

reconfiguration may occur, where P combines with surrounding undercoordinated Li, O to form a 

more stable Li3PO4 instead of Li3P, as the XPS gives primarily the phosphate signal in P 2p region 
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at the interphase. The interfacial decomposition and reconfiguration result in the formation of an 

80-nm-thick interphase with N and P gradients between Li metal and LiPON. In situ approaches 

are required for validating the proposed formation mechanism. 

In short, the formation of this stable interphase is likely a unique combination of kinetic 

stability of the glassy electrolyte and the decomposition of highly diffusive species within Li metal 

that form a variety of nanocrystals within an amorphous matrix. Evolution of this interphase under 

electrochemical stimuli will be reported in follow up work. 

 

4.4.2 A distinctive SEI structure found at Li metal/LiPON interphase 

Characterization results obtained from cryo-EM methodology have raised some intriguing 

insights from the Li/LiPON interphase. Concentration gradients of P and N are present across the 

interphase. The decomposition products, Li2O, Li3N, Li3PO4 and an amorphous matrix, were 

clearly identified at the interphase with a length of about 76 nm and a multilayer-mosaic SEI 

component distribution. Since Li2O, Li3N and Li3PO4 appear as equilibrium phases at the interface 

of Li metal, such a thin interphase with ionically conductive but electronically insulating 

components in a gradient configuration is capable of reducing the effective activity of the Li metal 

anode, shielding the solid electrolyte from further decomposition, as demonstrated in Figure 4.13. 

Such an eminent passivating effect cannot be realized when the decomposition products from SSEs 

are mixed electronic and ionic conductors. For instance, Li10GeP2S12 and Li0.5La0.5TiO3 produce 

electronically conductive Li-Ge alloy and titanates upon being reduced by Li metal that are not 

able to alleviate the continuous decomposition.25 In contrast, a similar passivation layer that 

consists of LiCl, Li2S and reduced phosphorous species has been identified between Li metal and 

Li6PS5Cl to account for the good cyclability of Li6PS5Cl against Li metal anode.126 However, given 
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the physical properties of different SEI components (Table 3.1), Li3N and Li3PO4 are likely to be 

more suitable for constituting a good SEI than LiCl or Li2S, due to their higher ionic conductivity 

and lower electronic conductivity. 

 

Figure 4.13 Li/LiPON multilayered interphase schematic. 𝜇𝐿𝑖+ , 𝜇𝑒−  and 𝜇𝐿𝑖  are the 

electrochemical potential of Li ion, the electrochemical potential of electron and the chemical 

potential of Li, respectively. 

 
From a perspective of successful SEI composition, major components within SEIs formed 

in liquid electrolytes consist of Li2O, Li2CO3, LiF and other alkyl lithium species that are partially 

reduced by Li metal during SEI formation. The prevalent belief in the passivating effects of such 

SEIs has driven numerous research efforts to elucidate the passivation mechanism of these species. 

Nevertheless, the poorly understood alkyl lithium species within the SEIs makes the exact roles of 

inorganic species including Li2O, Li2CO3 and LiF unclear. As one of the most popular SEI 

components that has been extensively studied, LiF, is known for its low electronic conductivity 

and high thermodynamic stability against Li metal as to explain its passivation effects against Li 

metal.25 However, its view as the dominant contribution in Li stabilization has been questioned in 

a recent work.69 In the SEI known for its good electrochemical stability, there are only inorganic 
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species present at Li/LiPON interphase, which could also raise concerns regarding truly validating 

the roles of LiF on constructing a good SEI when all the alkyl lithium species are absent. As has 

been proposed previously, Li3N is one of the most promising candidates as an SEI component, due 

to its thermodynamic stability against Li metal, high ionic conductivity and extremely low 

electronic conductivity.114,122 Consequently, the presence of Li3N at Li/LiPON interphase accounts 

for the good cyclability of LiPON against Li metal to some extent. From a perspective of SEI 

structure, the fact that the decomposition products exist as nanostructures and are embedded in a 

dense amorphous matrix in a mosaic form brings another important perspective of a good 

interphase for Li metal, where there are no porosity or grain boundaries present that may become 

nucleation sites for dendrite growth. 

 

4.5 Conclusion and outlook 

In summary, we successfully preserved and characterized the Li/LiPON interphase by 

developing the cryo-lift-out methodology and combining cryo-FIB and cryo-S/TEM. The 

observed 76-nm-thick Li/LiPON interphase consisted of SEI components including Li2O, Li3N 

and Li3PO4, which remained fully dense after decomposition. We discovered the concentration 

gradients of N and P species along the interphase, consistent with the structural evolution identified 

by cryo-HRTEM. A multilayer-mosaic SEI model was proposed based on these observations. We 

further proposed the reaction mechanism for Li/LiPON interphase, stressing the diffusion of 

decomposition product species and structural reconfiguration during equilibration. The 

comparison with SEIs formed in liquid electrolyte raised questions regarding the roles of alkyl 

lithium species and LiF in stabilizing Li metal. We caution that electrochemical stability of the 

Li/LiPON interface, while of utmost importance, explains only some of the high voltage cyclability 
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and LiPON remains one of the few SSEs that can withstand the oxidative potential present in 

cycling with high voltage cathodes, in stark contrast to liquid electrolyte counterparts and 

emphasizing the importance of complementary cathode-electrolyte interphase characterization. 

Nevertheless, the observed structure and proposed mechanistic pathway provide valuable insights 

for further study on other solid interphases in battery systems by both computational and 

experimental efforts, raising the importance of kinetics in the modification of phase diagrams, and 

giving rise to a better understanding of the stability of such interphases. A good interphase needs 

to fulfill several requirements to obtain exemplary cyclability - formation of a stable passivation 

layer, uniform coverage, fully dense and thermodynamic stability with Li metal. While an ideal 

SEI has yet to be demonstrated with liquid electrolytes, LiPON fills these requirements and 

exemplifies stable Li metal cycling, paving the way towards high-energy long-standing batteries. 

 

Chapter 4, in full, is a reprint of the material, as it appears in: D. Cheng, T. A. Wynn, X. 

Wang, S. Wang, M. Zhang, R. Shimizu, S. Bai, H. Nguyen, C. Fang, M. Kim, W. Li, B. Lu, S. J. 

Kim and Y. S. Meng, “Unveiling the Stable Nature of the Solid Electrolyte Interphase between 

Lithium Metal and LiPON via Cryogenic Electron Microscopy“, Joule, 2020, 4, 11, 2484-2500. 

The dissertation author was the primary investigator and first author of this paper.  
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Chapter 5. Unraveling the Stable Cathode Electrolyte Interface in 

All Solid-State Thin-Film Battery Operating at 5V 
 

Spinel-type LiNi0.5Mn1.5O4 (LNMO) is one of the most promising 5 V-class cathode 

materials for Li-ion batteries that can achieve high energy density and low production costs. 

However, in liquid electrolyte cells, the high voltage causes continuous cell degradation through 

the oxidative decomposition of carbonate-based liquid electrolytes. In contrast, some solid-state 

electrolytes have a wide electrochemical stability range and can withstand the required oxidative 

potential. In this work, a thin-film battery consisting of a LNMO cathode with a solid lithium 

phosphorus oxynitride (LiPON) electrolyte is tested and their interface before and after cycling is 

characterized. With Li metal as the anode, this system can deliver stable performance for 600 

cycles with an average Coulombic efficiency > 99%. Neutron depth profiling indicates a slight 

overlithiated layer at the interface prior to cycling, a result that is consistent with the excess charge 

capacity measured during the first cycle. Cryogenic electron microscopy further reveals intimate 

contact between LNMO and LiPON without noticeable structure and chemical composition 

evolution after extended cycling, demonstrating the superior stability of LiPON against a high 

voltage cathode. Consequently, we propose design guidelines for interface engineering that could 

accelerate the commercialization of a high voltage cell with solid or liquid electrolytes. 

 

5.1 Introduction 

Li-ion batteries (LIBs) are dominant battery technologies for portable electronic devices 

and electrical vehicles due to their high energy density, thermal stability, and long cycle life.130,131 

However, a wider adoption of LIBs requires gravimetric energy densities in excess of 350 Wh kg-

1 (1 Wh = 3,600 Joules) at the cell level, and up to 500 Wh kg-1 for more than 1000 cycles.17,132 At 

present, the energy densities of mass-produced LIBs are limited to 200 Wh kg-1 - 250 Wh kg-1 at 
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the cell level.133,134 The cathode is regarded as a critical component in improving the capacity of 

commercial cells. With a high operating voltage (4.7 V vs. Li+/Li0),135,136 a spinel-type cathode 

material LiNi0.5Mn1.5O4 (LNMO) could potentially empower industrial producers to achieve these 

high energy density goals.  Recently, the strong desire to eliminate cobalt in cathode materials has 

sparked a renewed interest in this class of oxides.137 Various attempts to fabricate LNMO/graphite 

batteries that exhibit high voltage, relatively high energy density, and fast charging capabilities 

using organic liquid electrolyte have been carried out worldwide,138–140 but they all suffered from 

excessive degradation and limited cycle life, especially when stored or cycled at a highly charged 

state.141 The primary reason is that most common liquid electrolytes (e.g., carbonic ester solvent 

combinations with lithium hexafluorophosphate (LiPF6) solute) are prone to oxidization and 

subsequent decomposition on the cathode surface as a cell’s voltage rises over 4.5 V during 

charging. This is caused by a lack of an effective passivation layer141–143, which helps prevent 

decomposition of the liquid electrolyte, and can cause a cell to continuously degrade. 

All-solid-state batteries (ASSBs) may provide a viable pathway to use LNMO and achieve 

the desired high energy density and cycling stability. ASSBs have received enormous attention 

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

large electrochemical stability window with the potential to enable both high voltage cathodes and 

metallic lithium anodes.25,144  A key factor in successful integration of LNMO in ASSBs will be 

pairing the electrode material with a compatible electrolyte. Solid state electrolytes (SSEs) prevent 

catalytic dissolution of transition metals from the cathode into the electrolyte, which leads to 

capacity loss and graphite anode degradation when liquid electrolytes are used.142,145 Lithium 

phosphorus oxynitride (LiPON) is one of the most promising candidates for this application as it 

has a wide electrochemical stability window up to 5.5 V,55 a modest ionic conductivity (≈10-6 S 
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cm-1),55 suitable mechanical properties,53,146 and has demonstrated cycling stability against LNMO 

cathodes and lithium metal anodes.40 The prevailing form of LiPON material as a thin film 

synthesized by physical vapor deposition provides an ideal platform for investigating interfaces 

against highly oxidative/reductive electrodes. 

LiPON as a solid-state electrolyte has been studied with various types of cathode materials, 

including LiCoO2 (LCO),41,45,57 LiMn2O4,147 and LiNi0.6Mn0.2Co0.2O2 (NMC622).148 Nevertheless, 

the underlying mechanism that provides such exceptional stability remains elusive, largely due to 

a lack of available characterization tools that can access the buried interfaces and tackle the air-

/beam-sensitivity of LiPON.42 Meanwhile, tremendous research efforts have also been invested in 

the study of the cathode electrolyte interface (CEI) in liquid electrolyte systems, which may hint 

at the potential origin of the LNMO/LiPON interface stability. The interfacial phenomena in liquid 

electrolyte systems have been widely characterized through spectroscopic and microscopic 

methods. X-ray photoelectron spectroscopy (XPS)138,141 and attenuated total reflectance Fourier 

transform infrared spectroscopy (ATR-FTIR)141 were employed to identify the chemistry of the 

CEIs. After cycling with a carbonate-based electrolyte, a CEI layer forms on the LNMO surface 

which includes decomposition products of LiPF6 solute and the organic solvents LiF, Li2CO3, 

LixPOyFz and polymerized ethylene carbonate (PEC). Continuous electrolyte decomposition 

occurrs due to the non-uniformity of the CEIs and an insufficient passivation effect. Cryogenic 

electron microscopy (cryo-EM) has shown that an uneven CEI layer can form after 50 cycles 

within a conventional carbonate electrolyte. Improved cycling and a uniform CEI was observed 

by the same technique but for a sulfone-based electrolyte.87 Another factor to be considered is the 

addition of binders and conductive agents in composite cathodes for liquid electrolyte systems. 

These additives result in parasitic reactions with an electrolyte and can make deconvolution of 
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interfacial reactions between active materials and electrolytes challenging. As such, an ideal 

interface between LNMO and LiPON must limit electrolyte decomposition, result in conformal 

CEI formation, minimize cathode structural change, and be free of conductive agents.  

An all-solid-state thin film format was employed in this study to examine the origin of the 

stable interface between LNMO and LiPON. The samples consisted of dense electrode layers 

without binder, conductive carbon, or coating materials. NDP was utilized to delineate the lithium 

concentration profile across the LNMO/LiPON interface. Results from this measurement were 

coupled with first-principles computation and cryogenic electron microscopy (cryo-EM) to 

investigate interfacial chemistries and textures. Based on these findings, crucial characteristics of 

the solid electrolyte that impact the interfacial stability are discussed and a proposal is made of 

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

 

5.2 Experimental Methods 

5.2.1 Thin film sample preparation 

LNMO thin-films were deposited on platinum-coated alumina substrate (Valley Design) 

by pulsed laser deposition (PLD) system (Excel Instruments PLD STD-12 chamber and 248 nm 

KrF Lambda Physik-Pro 210 excimer laser) with a laser energy fluence of ≈ 2.0 J cm-2 and 24000 

pulses at a frequency of 10 Hz. The substrate temperature was heated to 600 °C, and partial 

pressure of O2 was controlled at 200 mTorr (1 mTorr = 133.322 Pa, SI unit) during the deposition. 

The LNMO target used for PLD was prepared using LNMO powder (NEI corporation, USA). 12 

g of LNMO powder and 0.47 g of LiOH (Sigma-Aldrich) were used to achieve a 30% Li excess 

LNMO target. The materials were ball milled and pelletized onto a 28.6 mm dye press at a pressure 

of 10 Mg for 10 min. Following this step, the pellet was sintered at 900 °C for 2 h with a heating 



 70 

ramp rate of 3 °C min-1. The resulting target surface was polished by sandpaper (Grit 320 and 600, 

Aluminum oxide, Norton abrasives) before every deposition. LiPON thin films were deposited by 

radio-frequency (RF) sputtering. A Li3PO4 target that was ≈ 50 mm in diameter (Plasmaterials, 

Inc.) was used as a sputtering target. The sputtering power was set at 50 kg⋅m2⋅s−3 (W). Nitrogen 

gas (Matheson, ultra-high purity grade) and the partial pressure at 15 mTorr for deposition. LNMO 

was deposited to a thickness of ≈ 650 nm and an active area of 4.9 mm2, corresponding to an active 

material loading of 0.03 mAh cm-2 for the full cell fabrication. LiPON was then sputtered on 

LNMO to a thickness of 1 μm. A Li metal anode and Cu current collector were then deposited on 

to the LiPON by thermal evaporation (LC Technology Solutions Inc.) under a base pressure below 

3×10-11 mTorr. The average deposition rate of Cu and Li were controlled at 0.1 nm s-1 and 0.15 

nm s-1, respectively. Deposition was monitored by a quartz crystal microbalance. The thickness of 

Li metal anode was 570 nm and corresponds to a 203% excess capacity compared to that of the 

cathode. The thickness of the LNMO and LiPON were controlled at 2.6 μm and 2.2 μm thick, 

respectively, for the NDP measured samples. 

 

5.2.2 Grazing incidence angle X-ray diffraction (GIXRD) 

XRD pattern of the fabricated thin film was taken by Rigaku Smartlab X-ray diffractometer 

with Cu Kα source (𝜆 = 1.5406 Å;  1 Å = 0.1 nm, SI Units) with a working voltage and current 

of 40 kV and 44 mA, respectively, and a scan step size of 0.04°. The scan speed was 0.12° min-1, 

and the scan range was from 15° to 80°. 
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5.2.3 Liquid cell fabrication 

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

thin film deposited on a Pt-coated alumina substrate (1 cm2 surface area, cathode) was coupled 

with ≈ 100 μL of 1M LiPF6 in EC:EMC (3:7 wt%) electrolyte and a Li metal chip as an anode. 

The coin cell consisted of a CR2032 type casing and one piece of a Celard 2325 separator. The 

cell was cycled between 3.5 V and 4.85 V with a 10 μA constant current.     

 

5.2.4 Electrochemical measurement 

Two LNMO/LiPON/Li full cells were cycled with a Biologic SP-200 potentiostat. For the 

first cell, the voltage range of the cycling was set at 3.5 V - 5.1 V and the applied current was 150 

nA and 3.0 μA. This is equivalent to a ≈ C/10 and ≈ 5C charging rate, respectively. The cell was 

cycled at C/10 during the first 2 cycles and the last 3 cycles (1st, 2nd, and 533rd to 535th cycle) and 

cycled at 5C for the remaining cycles. The electrochemical cycling data of this cell has already 

been published in our past study42 and its characterization by (S)TEM were conducted, shown in 

this paper. The other full cell was cycled for 600 cycles in the same voltage range with the current 

at 100 nA for 1st, 2nd, and 600th cycles and 1.7 μA for the remaining cycles, which are almost 

equivalent to ≈ C/7 and ≈ 4C charging rate, respectively. The second cell was fabricated for the 

purpose of confirming reproducibility of the cell performance, demonstrated in this paper. The 

areal capacity of the cells was calculated based on the assumption that only part of LNMO above 

Pt current collector (≈ 3 mm in diameter) was involved in the electrochemical reaction. 
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5.2.5 Neutron depth profiling and fitting 

Neutron depth profiling (NDP) data was collected at the National Institute of Standards 

and Technology (NIST) Center for Neutron Research (NCNR) at the end position of the cold 

Neutron Guide 5. The 6Li atoms in the sample were of interest for these experiments and measured 

through detection of the 3H+ (triton) charged particle products from the n,6Li reaction: 

 

𝐿𝑖1
6 + 𝑛𝑐𝑜𝑙𝑑 → 𝐻𝑒2+(𝛼, 2055.55 𝑘𝑒𝑉) + 1

4 𝐻1
3 +( 𝐻1

3 , 2727.92 𝑘𝑒𝑉)       (3.1) 

  

Following reaction 4He2+ and 3H+ particles are promptly produced and immediately begin 

to lose energy due their interactions with the nuclear and electronic properties of the sample 

material. However, the 4He particles were blocked from the detector in this experiment by the 

polyimide cover that was added to the surface of the sample to protect the battery material from 

the ambient atmosphere. Only the 3H+ particles were analyzed for all the samples measured.  

The sample was mounted behind a 0.5 mm thick Teflon sheet with a ≈ 3.0 mm circular 

aperture. This aperture was fixed to an Al support frame and placed facing the primary 

transmission-type silicon surface barrier detector (Ametek) inside the NDP chamber. The energy 

spectra of the detected particles were collected and transmitted to a LynxTM Digital Signal 

Analyzer (Canberra) with a setting of 4092 channels. Data were acquired for ≈ 5 h per sample. 

Each sample area was irradiated at a neutron fluence rate of ≈ 1.2×109 neutrons cm-1 sec-1. A high-

vacuum chamber was used for the measurements of the sample, background profiles (Teflon, Si 

wafer), and a 10B concentration reference material (in house).  Li atom concentrations were 

calculated using the natural abundance of 6Li for sample and 10B as a reference. Li concentration 

was calculated by equation (3.2): 

 

𝐷𝐿𝑖 =
𝐷10𝐵×𝜎10𝐵[𝑏𝑎𝑟𝑛𝑠]

𝑛6𝐿𝑖×𝐶10𝐵[𝑐𝑜𝑢𝑛𝑡𝑠 𝑠𝑒𝑐−1]×𝜎6𝐿𝑖[𝑏𝑎𝑟𝑛𝑠]
× 𝐶6𝐿𝑖[𝑐𝑜𝑢𝑛𝑡𝑠 𝑠𝑒𝑐−1]        (3.2) 
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𝐷𝑖 is the areal concentration of 10B, 6Li, or Li (i) in i atoms cm-2,  𝜎𝑖 is the thermal neutron 

cross-section for the isotope i (1 barn = 1x10−28 m2), 𝑛6𝐿𝑖 is the natural abundance of 6Li, and 𝐶𝑖 

is the normalized particle counts detected in the measurement. The calculated data was binned 

according to energy resolution of the NIST NDP system (≈ 22 keV for a 3H at 2727 keV).  More 

details of the data processing can be found in the SI. The uncertainties of both LNMO/LiPON and 

LNMO are <6% and reported to 1 sigma, which are estimated from the propagation of the 

experimental counting statistics from the sample, reference, and background materials. 

 

5.2.6 First-principles calculations 

LNMO at various charged/discharged states were studied by density functional theory 

(DFT) with the Vienna Ab initio Simulation Package (VASP). Periodic plane-wave DFT+U static 

calculations were performed for the LNMO bulk structure. Supercell models, Li8Ni4Mn24O32, were 

used as LixNi0.5Mn1.5O4 at x = 1. To simulate Li removal from x = 1 to 0 a corresponding number 

of Li  atoms were removed at each state. Li atoms were inserted into tetrahedral sites between 

octahedral sites containing Ni or Mn atoms to simulate the overlithiation of the cathode material. 

A 3×3×3 k-point mesh and an energy cutoff of 520 eV were employed at the calculation. Ueff 

values were chosen as 5.96 eV and 4.5 eV for the +U augmented treatment of Mn and Ni 3d 

orbitals, respectively. The initial MAGMOM parameters were set as follows: Li*(0), Ni*(-2), 

Mn*(+4), O*(0). Partial density of states (PDOS) at pristine state (x =1) and Overlithiated state (x 

= 2) were extracted from DOSCAR and analyzed by wxDragon software. PDOS plots were 

smoothed by a 10-point adjacent average function. 
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5.2.7 Cryogenic focused ion beam/scanning electron microscopy (cryo-FIB/SEM)  

A FEI Scios DualBeam FIB/SEM with a cooling stage was used to prepare the TEM 

samples of pristine LNMO/LiPON and cycled LNMO/LiPON/Li samples. The operating voltage 

of the electron beam was 5 kV and emission current of the beam was 50 pA. These setting were 

used to mitigate potential beam damage on Li and LiPON. A Ga ion beam source was used to mill 

and thin the sample with an operating ion beam voltage of 30 kV. Emission currents of the ion 

beam were selected depending on purposes: 10 pA for ion beam imaging, 0.1 nA for cross-section 

surface cleaning and lamella thinning, and 3 nA for pattern milling. The sample stage temperature 

was maintained at -185 °C during pattern milling, cross-section cleaning, and lamella thinning 

processes to preserve the Li metal and LiPON components. A cryo-liftout methodology was 

applied for the TEM sample lift-out process where sample materials were redeposited between the 

lamella and the probe for connection. Detailed procedures with illustration were described in our 

past study.42      

      

5.2.8 Cryogenic transmission electron microscopy (cryo-TEM) 

The prepared lamellas were transferred from the FIB chamber though an air-free quick 

loader and stored in an Ar-filled glovebox. Cryo-HRTEM images were collected on a JEOL JEM-

2100F TEM at 200 kV with a Gatan Oneview camera. Cryo-STEM/ EELS results were collected 

on a JEOL JEM-ARM300CF TEM at 300 kV. A TEM cryo-holder (Gatan 626 cryo-transfer holder) 

was used to load the samples where TEM grids were immersed in liquid nitrogen and then mounted 

onto the holder via a cryo-transfer workstation.42 Uncertainty of the energy loss in EELS spectra 

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

 



 75 

5.3 Results and Discussions 

5.3.1 Electrochemical behavior of LNMO/LiPON/Li full cell over long-term cycling 

The presence of a stable interface was first demonstrated by a thin film battery consisting 

of a high-voltage spinel LNMO cathode, a LiPON solid electrolyte, and a lithium metal anode. 

The detailed architecture of the cell is shown in Figure 5.1, where the deposited LNMO thin film 

displays a well crystallized structure with (111)-plane-orientated texture in Figure 5.2A. This is in 

good agreement with the films produced by Xia et al.149,150 Figure 5.3 illustrates the cycling 

performance of the full cell. As shown in Figure 5.3A, the 1st cycle charge profile displays an 

excess capacity compared with the subsequent cycles, while the voltage profiles at the 2nd cycle 

and 600th cycle resemble each other, implying an irreversible reaction during the 1st cycle and a 

superior cyclability afterwards. The cycling stability is further demonstrated by a Coulombic 

efficiency of ≈ 99.6% for 600 cycles in Figure 5.3B. Compared with the LNMO cathode 

performance in liquid electrolyte such as Figure 5.2B, two characteristic features are observed in 

the thin film battery with the LiPON solid electrolyte: i) an excess capacity during the first charge 

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

units).  
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Figure 5.1 LNMO/LiPON/Li full cell configuration. (A) Photo image of LNMO/LiPON/Li thin 

film full cell and (B, C) schematic of the cell configuration 

 
Figure 5.2 Properties of bare LNMO thin film. (A) XRD pattern of LNMO deposited on Pt-coated 

alumina substrate. (B) Voltage profiles of LNMO/Li half-cell with carbonate-based electrolyte. 

Uncertainty of the capacity is about 25%, which comes from the estimation of LNMO active mass. 
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Figure 5.3 Electrochemical performance of LNMO/LiPON/Li full cell. (A) Voltage profiles of 

LNMO/LiPON/Li thin film full cell at 3.5 V - 5.1 V at the 1st, 2nd, and 600th cycle. (B) Coulombic 

efficiency of the cycled cell, which was charged/discharged at a about C/7 for the 1st and 2nd 

cycles, and 4C for the rest of cycles. The C rate was set back to C/7 at the 600th cycle. Uncertainty 

of the areal capacity in the voltage profile is ~3%, attributed to the estimation of the cell active 

area. Periodic fluctuation of the Coulombic efficiency comes from temperature change in a day 

during the measurement.    

The voltage profiles indicate that the dominant redox reactions in the LNMO cathode are 

4.7 V vs. Li+/Li0 (shown as plateau region III in Figure 5.3A) and correspond to the Ni2+/Ni3+ and 

Ni3+/Ni4+ redox couples during the initial charging process.151,152 A small amount of Mn3+/Mn4+ 

redox couple occurring near 4 V (plateau region II in Figure 5.3A) contributes to the nominal 

capacity when part of the Mn species in a pristine LNMO thin film has an oxidation state lower 

than 4+. The LNMO thin film is likely overlithiated chemically during the full cell fabrication, 

which leads to a lower Mn oxidation state in the surface region of LNMO. This is apparent in 

regions I and II (Figure 5.3A), where an excess of charge capacity during the first cycle is caused 
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by a plateau at 2.9 V and 4 V. Note that the pristine LNMO thin film cycled in liquid electrolyte 

does not exhibit an overlithiated feature as indicated by Figure 5.2B and previous studies.150,153 

The overlithiation of LNMO is proposed to be caused by LiPON deposition and chemical reactions 

between LNMO and LiPON during or after the deposition.  

 

5.3.2 Li concentration gradient across LNMO/LiPON interface  

Neutron depth profiling (NDP), is a robust method by which select light elements (e.g., Li) 

can be quantified.154 Unlike XPS depth profiling technique, NDP is a nondestructive 

approach,155,156 which enables the quantification of the average Li concentration through the 

sample along the thickness direction. There have been numerous studies over the last several years, 

where NDP has been applied to the study of Li-ion battery materials.154,157–159 In this study, NDP 

was utilized to examine the Li concentration profile of a pristine LNMO/LiPON sample to 

investigate the possibility of LNMO overlithiation. 

Figure 5.4A is a schematic of NDP measurement setup, where samples are mounted in a 

vacuum chamber and cold neutrons are directed at a sample. Along the pathway, neutron may react 

with 6Li and generates charged particles, 4He2+ (alpha) and 3H+ (triton), with characteristic kinetic 

energies. Note that alpha particles are filtered out by the thin polyamide film cover and only the 

triton particles are detected. The energy loss of the charged particles as they pass through the 

material is due to the stopping power of the material. Li concentration as function of depth is 

obtained by plotting the detected number of triton particles as a function of final kinetic energy. 

During this experiment, a LNMO/LiPON thin film sample was measured by NDP, with a LNMO 

thin film measured as a reference for the interface sample. Figure 5.4B exhibits triton-based Li 

areal concentration depth profiles from the LNMO/LiPON sample (black), LNMO sample (red), 
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and their subtraction (blue) in Li atoms cm-2. The subtracted profile represents variations in Li 

across the bulk and interface regions of sample after the LiPON layer is added to the LNMO. 

To estimate the contributions from the bulk LiPON and interface regions, the subtracted 

curve (blue dots in Figure 5.4B & C) is fitted with a Weibull function as shown by eq. (3.1) in the 

energy range between 2551 keV and 2358 keV, where bulk LiPON is dominant in the 

LNMO/LiPON sample.  
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Here, 𝑎0, 𝑎1, 𝑎2, and 𝑎3 are amplitude, center, width (> 0), and shape (>1.01). The fitting 

results are summarized in Table 4.1. The quality of the fitting is estimated from the R2 value and 

is calculated to be 0.9993. The Weibull curve with using the parameters below is extrapolated 

down to 2140 keV (Figure 5.4C (magenta)).  

 

Table 5.1 Fitting results of subtracted NDP profile by Weibull function 

Parameters Fit results Errors 

𝑎0 5.08103×1016  ±3.75795×1014  

𝑎1 2412.46 ±0.72979 

𝑎2 279.079 ±73.2746 

𝑎3 7.79389 ±1.96886 

𝑅2 0.9993 – 

 

The fit model is then extrapolated to the lower energy region to estimate the Li 

concentration contributed from pure LiPON (magenta curve in Figure 5.4C). Lastly, the 

subtraction of the extrapolated model (magenta curve in Figure 5.4C) from the calculated curve 

(blue curve in Figure 5.4C) is plotted as a green line in Figure 5.4C, which represents the interfacial 
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effect from the LNMO/LiPON sample. As shown in the inset of Figure 5.4C, a noticeable 

difference in Li concentration between the subtracted (blue) and the extrapolated curve (magenta) 

can be observed. The positive difference (green) suggests a slight increase of Li concentration at 

the interface between LNMO and LiPON. Such Li concentration increase (atoms cm-3) in LNMO 

is further estimated by integrating areal Li concentration in atoms cm-2 from the energy range 

between 2358 keV to 2200 keV, which falls into LNMO region. The integration gives a Li 

concentration increase of ≈ 4.00×1020 atoms cm-3 at the LiPON/LNMO interface, which is ca. 3% 

of the concentration compared with the designed stoichiometry of LiNi0.5Mn1.5O4 cathode. It is 

worth noting that there is a difference on the amount of overlithiation between NDP and 

electrochemical testing. This comes from the different quantities that are measured in each 

characterization – NDP detects all the Li in the film while electrochemical testing solely measures 

the activated Li ions. It should be emphasized that NDP measures Li concentration across open 

aperture area centered on the film and demonstrates a 3% Li increase relative to all the cathode 

materials in the thin film sample. In contrast, the difference between 1st and 2nd charge capacity 

measured by electrochemical testing only represents how much activated Li in the first cycle is 

reversible. Considering a higher discharge voltage cutoff (3.5 V) than the open circuit voltage of 

pristine Li1.0NMO (≈ 2.8 V) is used, the difference is attributed to the sum of overlithiated Li and 

irreversible capacity during cycling. Furthermore, electrochemical testing does not necessarily 

activate all the materials inside the sample, suggesting the observed capacity would not always 

match actual Li amount in cathode.160 One possible source of this increase is overlithiation of the 

LNMO surface. Different lithiation states of LNMO were therefore investigated with first-

principles calculations to further understand the impact of overlithiation on LNMO material. The 

LxNMO modeling structure was altered from x = 0 to x = 2 to represent the delithiated state and 
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overlithiated state of LNMO, respectively. (Figure 5.4D. Figure 5.4E displays the average 

magnetizations of Mn and Ni species calculated at each lithiation state; this can be used as an 

indicator of the oxidation state(s) of transition metals.161,162 The magnetization number of Ni 

decreases from 1.7 μB to 0.5 μB (1 µB = 9.274×10−24 J T−1, SI units) during the delithiation 

(charging) process (x = 1 to 0). This indicates that the Ni redox changes from Ni2+ to Ni4+ for the 

charging process.161,162 The magnetization number of Ni does not vary due to overlithiation (x = 1 

to 2). In contrast, Mn magnetization changes from 3.2 μB to 3.7 μB when the structure is 

overlithiated, suggesting a Mn reduction as more Li is inserted into LNMO.  

 
Figure 5.4 Li concentration across LNMO/LiPON interface. (A) Schematic image of neutron depth 

profiling (NDP) setup. (B) Li concentration profile (atoms/cm2) of LNMO/LiPON (black), bare 

LNMO (red), and subtraction of bare LNMO from LNMO/LiPON as a function of detected triton 

energy. (C) Li concentration profile of subtraction of bare LNMO from LNMO/LiPON (blue, same 

data in (B)), Li concentration of bare LiPON simulated with Weibull function (magenta), and 

subtraction of simulated curve from (LNMO/LiPON)-(LNMO) curve (green). (D) Structures of 

LixNi0.5Mn1.5O4, which are used for DFT calculation, at x = 1 (pristine), x = 0 (delithiated), and x 

= 2 (overlithiated). (E) Averaged magnetization of Ni (black) and Mn (red) at each lithiated state 

of LNMO. (F) Relative c length of the supercell at each lithiation state from x = 0 to x = 2 in 

LxNMO.  
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Along with the change in magnetization numbers, the relative lattice parameter evolution 

of the supercell at each lithiation state is plotted in Figure 5.4F. When x in the LxNMO structure 

exceeds 1, the lattice parameter in c direction becomes relatively longer than the a and b directions. 

This leads to a distortion of the lattice in the c direction and, consequently, a phase transformation 

to a tetragonal phase. Such Jahn-Teller (J-T) distortion is attributed to the presence of Mn3+. The 

Mn cation is normally located at octahedral site bonded with O anions. This causes the classical 

ligand field splitting (crystal field splitting) and, as a result, d-electron states can be split into triplet 

(t2g) and doublet (eg) states, which stabilizes the Mn-O bonding configuration. In the case of Mn3+, 

three of the four 3d electrons are in dxy, dyz and dzx orbitals of the t2g state and leaves one dz2 electron 

in eg state (high spin state). The Mn-O octahedral structure becomes elongated in the c direction 

to minimize Coulombic repulsion between the electrons in Mn dz2 orbital and the electrons in O 

2p orbital as the dz2 electron orbitals are parallel to the c direction of the octahedron. Therefore, 

the presence of J-T distortion when x > 1 implies the reduction of Mn from 4+ to 3+. This matches 

with the average magnetization results in Figure 5.4E.  

 

5.3.3 Mn oxidation state evolution at LNMO/LiPON interface  

Scanning transmission electron microscopy/electron energy loss spectroscopy 

(STEM/EELS) were then conducted to experimentally verify the oxidation state of Mn across the 

LNMO/LiPON interface. Cryogenic protection was applied on the TEM specimens during STEM 

measurements, given the beam sensitivity of LiPON as reported in the past study.42 Figure 5.5A 

displays the cryo-STEM high-angle annular dark field (HAADF) image of the pristine 

LNMO/LiPON interface, where LNMO and LiPON regions can be identified based on differences 

in contrast. The highlighted spots represent the region where EELS spectra were extracted. Mn L-
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edge spectra are plotted in Figure 5.5B. The low signal intensity detected in the Mn L-edge 

spectrum at spot 0 indicates the absence of Mn in this region and that the major component is 

LiPON. The characteristic peaks of Mn L-edge appear in the spectrum from spot 1 to spot 5, 

suggesting the range of the LNMO/LiPON interface region. The L3 and L2 peaks of Mn L-edge 

correspond to electron transition from 2p3/2 and from 2p1/2 to unoccupied d orbitals, respectively.163 

The oxidation states of the transition metal species can be identified by analyzing the intensity 

ratio between L3 and L2 peaks and comparing it to the values collected on standard Mn compounds 

in which the oxidation states of Mn are known. A step function is commonly used to fit these 

spectra (Figure 5.6) so that the intensity ratio of L3 peak to L2 peak can be calculated and plotted,163 

as shown in Figure 5.5C. In Figure 5.5C, Mn at spot 1 shows a L3/L2 intensity ratio ≈ 2.9, while 

the ratio decreases to ≈ 2.4 for the Mn from spot 2 to spot 5. According to Wang et al., L3/L2 

intensity ratio of 3.85, 2.6, and 2.0 corresponds to Mn2+, Mn3+, and Mn4+ oxidation states,163 

respectively. Therefore, the oxidation state of Mn at the starting of the LNMO/LiPON interface is 

likely to be between Mn3+ and Mn2+. This Mn oxidation state at the interface was more reduced 

than the one found within the LNMO bulk, which is comparable with a bare LNMO thin-film 

sample (Figure 5.7). The computational results reveal that Mn oxidation state is reduced from 4+ 

to 3+ when LNMO is overlithiated and form LxNMO (x > 1), as shown in Figure 5.4D. The 

combination of Mn L-edge intensity ratios, computational results and electrochemistry indicate 

that Mn at LNMO/LiPON interface (spot 1) shows an oxidation state of 3+, which is likely 

attributed to the overlithiation of LNMO, while bulk LNMO shown at spot 2 to spot 5 has mixed 

states of Mn3+ and Mn4+. Another possible cause of Mn reduction is the bombardment of LiPON 

during sputtering. Song et al. has shown that oxygen vacancy can trigger Mn3+ generation from 

Mn4+ for charge compensation, and cathodes with more oxygen vacancy can deliver a longer 
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plateau at 4.0 V in the voltage profile.151 The Mn3+ ions should be oxidized to Mn4+ during the 

charge in the 1st cycle and remain above 3+ after the discharge to 3.5 V as the electrochemical 

lithiation voltage corresponding to Mn4+ → Mn3+ is at 2.8 V.151,163  

 
Figure 5.5 Mn oxidation state changes across the pristine and cycled interface. (A-C) Analysis of 

pristine LNMO/LiPON interface and (D-F) cycled LNMO/LiPON interface. Cryo-STEM image 

(A) at pristine interface and (D) at cycled interface. (B) Mn L-edge EELS spectra at each point of 

pristine interface and (E) cycled interface. Intensity ratio of Mn L3 peak to L2 peak with error bars 

(C) for pristine interface and (F) cycled interface. Details of intensity integration method are 

illustrated in Figure 4.6.     

 
Figure 5.5D-F shows the Mn oxidation states at LNMO/LiPON interface after 500 cycles. 

As can be seen in Figure 5.5E, the absence of Mn signal at spot 0 in the STEM image (Figure 5.5D) 

demonstrates there is no Mn migration from LNMO to LiPON region, in stark contrast to the Mn 

dissolution phenomena in liquid electrolyte system. Compared to the pristine interface (Figure 

5.5C), the cycled interface has much decreased L3/L2 intensity ratio at spot 1 in Figure 5.5F, 

indicating a less reduced Mn environment. During the charging process in the 1st cycle, excess 

lithium atoms that caused overlithiation of the LNMO are extracted, a process manifests as a 
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plateau at 2.9 V in the electrochemical measurement. Reduced Mn (Mn3+) due to overlithiation 

and LiPON deposition is also oxidized in the 1st charge, rationalizing the measured increased Mn 

oxidation state in subsequent cycles. 

              
Figure 5.6 EELS spectrum analysis. L3 to L2 ratio calculated by an areal integration and a 2-step 

background function. 

 

 
Figure 5.7 STEM/EELS analysis of bare LNMO. (A) STEM image of bare LNMO surface. (B) 

Mn L-edge EELS spectra at surface region of bare LNMO. 

 
5.3.4 Nanostructure and morphology at LNMO/LiPON interface  

The nanostructure and morphology of the layers were additionally characterized to 

elucidate the interfacial stability and to compliment the above discussed chemical analyses. Cryo-
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TEM images at the LNMO/LiPON interface before and after cycling were obtained and 

summarized in Figure 5.8. Figure 5.8A shows the high-resolution TEM (HRTEM) image of 

pristine LNMO/LiPON interface. No voids or cracks are formed when LiPON is deposited on 

LNMO. Detailed nanostructure was also inspected and shown in Figure 5.8B & C. Lattice fringes 

observed in these images match well with (111) lattice plane of LNMO164,165 and indicates that 

LNMO maintains its crystal structure after the full cell preparation. Note that LNMO structure 

should be slightly distorted due to the lithiation and Mn reduction as aforementioned, while the 

lattice spacing change due to distortion is significantly small and was not detectable with HRTEM. 

A cycled LNMO/LiPON interface is shown in Figure 5.8D. It displays surprisingly intimate 

contact between the LNMO and LiPON layers and an absence of voids or cracks, even after 500 

cycles. Figure 5.8E & F demonstrate that the crystal structure of LNMO is maintained in both the 

bulk and interface regions. Although the cell was cycled at a rate of 5 C, which can be considered 

as fast cycling and results in the cell having 40% of its original capacity, the LNMO/LiPON 

interface remains intact and shows no signs of structural change or defect formation. In Figure 

5.8G-K, a clear difference between crystalline region and amorphous region is highlighted by the 

yellow curve along the cycled LNMO/LiPON interface. Very little CEI is observed in this region. 

These observations provide good evidence for the long-term structural stability of the 

LNMO/LiPON interface. 

An interesting phenomenon was observed in the LiPON after 500 cycles. Cryo-HRTEM 

imaging of the LiPON in a pristine LNMO/LiPON sample (Figure 5.9A) indicates nanocrystal 

formation in areas highlighted by the yellow dot lines. These nanocrystalline species are identified 

as Li3PO4 and Li2PO2N through the features in Fast Fourier transform (FFT) patterns shown in 

Figure 5.9B & C. These are likely to be decomposition products of LiPON based on past 



 87 

computational results.26 Such partial decomposition occurs only at a small portion of the interface. 

Similar phenomenon is observed at the cycled LNMO/LiPON interface (Figure 5.10 with lattice 

patterns displayed in A and FFT analysis displayed in C-E). The presence of LiPON partial 

decomposition in both pristine and cycled LNMO/LiPON interfaces implies that such 

decomposition is driven chemically instead of electrochemically. This is discussed further in the 

following section. 

 

 

Figure 5.8 Interfacial nanostructure and morphology at the LNMO/LiPON interface. (A) Cryo-

TEM image of pristine LNMO/LiPON interface and (B) zoomed LNMO images of bulk (inset; 

FFT image) and (C) surface (inset; FFT image). (D) Cryo-TEM image of cycled LNMO/LiPON 

interface and (E) zoomed LNMO images of bulk (inset; FFT image) and (F) surface (inset; FFT 

image).  (G) Another cryo-TEM image of cycled LNMO/LiPON interface and (H-K) zoomed 

interface images at different spots. 
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Figure 5.9 Cryo-TEM of pristine LNMO/LiPON. (A) Cryo-TEM image of LiPON in pristine 

LNMO/LiPON. FFT images of (B) spot I and (c) spot II. 

 

 
Figure 5.10 Cryo-TEM of cycled LNMO/LiPON. (A) Cryo-TEM image of cycled LNMO/LiPON 

and (B) magnified image of the area surrounded by red dot lines in (A). FFT images of (C) spot I, 

(D) spot II, and (E) spot III. 

 
 

5.3.5 An electrochemically stable and mechanically compatible solid-solid interface 

The stability at LNMO/LiPON interface stems from two separate perspectives: i) the 

intrinsic structural resilience of LNMO, and ii) the unique characteristics of LiPON. The LNMO 

material’s spinel crystal structure determines its ability to accommodate excess Li. Upon 
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overlithiation, LNMO experiences a phase transformation from cubic to tetragonal structure while 

it homes extra Li in the structure without sabotaging the cyclability and interface stability. Spinel 

analogue anode material, Li4Ti5O12 (LTO), undergoes a similar phase transformation when extra 

Li is inserted into the structure while maintaining LTO’s highly reversible cycling performance.166 

Contrary to spinel oxides, layered oxides are prone to unfavorable changes with excess Li. LCO 

suffers from the formation of a disordered phase that comprise of a mixture of Li2O and CoO 

between ordered LCO and LiPON during sputtering process. This results in an extra interfacial 

impedance and can inhibit cycling performance.45,167 LixNi0.8Mn0.1Co0.1O2 (NMC811), another 

layered cathode material, experiences a 45.5% capacity loss in subsequent cycles after deep 

discharging to 0.8 V vs. Li/Li+ in the initial cycle in the liquid electrolyte system.168 The ability of 

spinel oxides to withstand surface overlithiation renders LNMO suitable for coupling with LiPON 

electrolyte, and serves to increase the surface Li chemical potential of the cathode for better 

interfacing with solid electrolytes. 

Three aspects can be considered regarding the uniqueness of LiPON material. The 

overarching factor is the electrochemical stability of LiPON. Partial decomposition of LiPON is 

observed after its deposition onto LNMO surface. This indicates a certain extent of chemical 

incompatibility. However, long-term cycling does not result in additional decomposition of  

LiPON. Rather, most of the LiPON remains amorphous along the interface. This implies that 

LiPON is electrochemical stable against a high voltage LNMO cathode. Further EELS analysis at 

the cycled LNMO/LiPON interface shows no noticeable changes in the P and N chemical 

environments, which suggests the stability of LiPON’s chemistry against highly oxidative 

potential (Figure 5.11). Such electrochemical stability could be influenced by the increased Li 

concentration estimated from the NDP results. The ascending Li content across the interface from 
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LNMO to LiPON region represents a gradually ramping chemical potential, which mitigates the 

oxidative potential from high voltage LNMO and protects LiPON from further decomposition.25 

Coupling with the analogous chemical gradient feature observed at Li/LiPON interface 

elsewhere,42 the presence of gradient interfaces, which exhibits exemplary electrochemical 

stability, hint on the plausibility of engineering solid-solid interfaces so that drastic chemical 

potential differences between electrode and electrolyte can be diminished to achieve desired 

stability. Such features also serve to eliminate the possible effect from space charge at the interface, 

even though the impact from Li deficient layer in SSE, as proposed in space charge theory, on 

interfacial transport properties remain inconclusive.169–171  

 
Figure 5.11 Compositional analysis of the cycled LNMO/LiPON interface by EELS. (A) STEM 

HAADF image of cycled LNMO/LiPON interface. (B) P K-edge and (C) N K-edge EELS spectra 

at each spot as highlight at the cycled interface in (A). 

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

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

obtained a value of 77 GPa.146 This high modulus provides LiPON a rigid characteristic. However, 
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Lee et al. reports a 11% - 13% volume change of LxNMO cathode upon lithiation from  x = 0 to x 

=2.152 Given the polycrystalline feature of LNMO cathode, anisotropic stress generated at the 

interface during such repeated volumetric changes can cause catastrophic impact on LiPON’s bulk 

structural integrity such as cracking or delamination, while none of these issues were observed to 

occur at the LNMO/LiPON interface. The fact that LiPON retains an intact contact with LNMO 

after long-term cycling suggests that the LiPON in this study may be a relatively soft material. 

This is consistent with some observations on the flexibility of LiPON in literature,53,172 yet further 

experimental validation is needed. 

The last aspect of LiPON’s stability against LNMO correlates with its morphological 

characteristics. LiPON is known for its amorphous structure and dense, pinhole-free feature. Such 

merits of LiPON give rise to its even coverage over LNMO after deposition and facilitates a 

uniform overlithiation on an LNMO surface, namely a conformal interface. In the case of a liquid 

electrolyte system, the CEI tends to be non-uniform in both composition and thickness, due to the 

hardly controllable mass transfer in a liquid environment, which diminishes the passivation effect 

of such interfaces. Compared to studies with other solid electrolytes (i.e., Li7La3Zr2O12 and 

Li6PS5Cl, etc.), roughness at the pelletized cathode/electrolyte interface can incur inhomogeneity 

in terms of contact and pressure, resulting in interface non-uniformity.72,173 Given the compatibility 

of LiPON against varieties of cathodes, an artificial LiPON layer deposited on a cathode surface 

could serve as a simple protection strategy to alleviate the interfacial reaction between a less 

electrochemically stable solid electrolyte and highly oxidative cathode material. Alternatively, 

employing methodologies for producing glassy material (e.g., via fast quenching) to amorphize 

conventionally crystalline solid electrolytes through the creation of defects could well steer the 

morphological features and enhance interfacial stability. 
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It should be noted that the absence of a carbon conductive agent also helps to achieve the 

stable cycling performance. Although carbon additives improve electronic conductivity of a 

cathode or an anode composite electrode, past researches has indicated that carbon additives can 

accelerate the decomposition of an electrolyte and form CEI on a cathode’s surface174,175 and SEI 

on an anode’s surface,176 causing capacity degradation of cells. The high electronic conductivity 

of the carbon also creates an electronic pathway for electrolyte redox reactions to occur. Therefore, 

it is critical to avoid carbon or minimize its surface area to suppress the kinetics of the electrolyte 

decomposition.     

 

Figure 5.12 Schematic illustration of microscopic LNMO/LiPON interface. At the LNMO/LiPON 

interface (left), microscopically LNMO/LiPON contact without void and cracks both (A) as 

deposited and (B) after cycling between 3.5 V - 5.1 V. As deposited interface in (A), overlithiated 

regions is likely to exist in LNMO, where Mn oxidation state is reduced to 3+. After cycling (B), 

such area disappears and Mn4+ is dominant in overall LNMO. In both interface, partial 

decomposition of LiPON is observed. 

 
To better illustrate the interface configuration between LNMO and LiPON, a schematic is 

shown in Figure 5.12 Examinations of an LNMO/LiPON interface using NDP, DFT and cryo-EM 

yields intriguing results that are closely related to the stability of the materials’ interface. An ideal 
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cathode electrolyte interface requires the electrolyte to remain either chemically or 

electrochemically stable against the cathode and mechanically robust. An as-formed CEI ought to 

be uniform and conformal, consisting of species that are electronical insulating and ionically 

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

retain the crystal structure after extended cycling. 

 

5.4 Conclusions 

New insights into the interface between LNMO cathode and LiPON solid electrolyte have 

been gained by combining targeted spectroscopic, microscopic, and computational tools. An 

overlithiation layer of LNMO at the LNMO/LiPON interface due to LiPON deposition is revealed 

by NDP, which accounts for the excess capacity during the 1st charge of LNMO. Overlithiated 

LNMO exhibits a Mn oxidation state change from 4+ to 3+ as confirmed by both DFT prediction 

and cryo-STEM/EELS examination. The cathode structure is intact under the overlithiation and is 

not significantly impacted after electrochemical activation. Cryo-TEM further shows a 

LNMO/LiPON interface with intimate contact that is free of voids and cracks over the course of 

500 cycles. STEM/EELS demonstrates that major elements across the interface keep their original 

chemical bonding environment. The observed conformal and stable interface contributes to the 

electrochemical stability of LiPON against LNMO. The knowledge gained from additive-free 

electrodes and its close contact to mechanically and electrochemically compatible SSE 

demonstrate that the long-term cycling stability of 5 V-class cathode materials is achievable with 

dedicated interface engineering.  

 

Chapter 5, in full, is a reprint of the material, as it appears in: R. Shimizu*, D. Cheng*, J. 

L. Weaver, B. Lu, T. Wynn, M. Kim, G. Zhu, M. Zhang and Y. S. Meng, “Unraveling the stable 
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cathode electrolyte interface in all solid-state thin-film battery operating at 5V”, Adv. Energy 

Mater. 2022, 2201119. The dissertation author was the co-primary investigator and co-first author 

of this paper.  
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Chapter 6. Freestanding LiPON: from Fundamental Study to 

Uniformly Dense Li Metal Deposition Under Zero External Pressure 
 

Lithium phosphorus oxynitride (LiPON) is a well-known amorphous thin film solid 

electrolyte that has been extensively studied in the last three decades. Despite the promises to pair 

with Li metal anode and various cathode materials, the presence of rigid substrate and LiPON’s 

unique amorphous, air-sensitive nature set limitations to comprehensively understand its intrinsic 

properties for future development and applications. This work demonstrates a methodology to 

synthesize LiPON in a freestanding form that exhibits remarkable flexibility and a Young’s 

modulus of ~33 GPa. Solid-state nuclear magnetic resonance (ss-NMR) and differential scanning 

calorimetry (DSC) results with unprecedented high signal-to-noise ratio could be obtained with 

such freestanding LiPON (FS-LiPON), revealing the Li/LiPON interface bonding environments 

quantitatively and a well-defined glass transition temperature for LiPON. Combining interfacial 

stress and a seeding layer, FS-LiPON demonstrates a uniform and fully dense Li metal deposition 

without the aid of external pressure. Such a FS-LiPON film offers new opportunities for 

fundamental study of LiPON material and associated interfaces, and provides perspectives for 

interface engineering in bulk solid-state battery. 

 

6.1 Introduction 

Recent work has extended beyond bulk structure toward the interfacial stability between 

electrode materials and LiPON. Despite the knowledge on cathode-associated interfaces in early 

work41,45,57 and recent insights gained on Li metal/LiPON interface via the advances of cryogenic 

electron microscopy (cryo-EM),42,177 the electro-chemo-mechanical properties of SSE/electrode 

interfaces have yet to be explored. These are also regarded as critical metrics to determine the 

mechanical behavior at the interface during cycling, which can alter the stability and the cycle life 
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of solid-state batteries.178 However, literature studying the mechanical properties of LiPON has 

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

obtained a value of 77 GPa.146 A similar Young’s modulus was documented by Xu et al. using 

picosecond ultrasonics measurement.179 Such a modulus could account for its ability to suppress 

Li dendrite protrusion during cycling and contribute to its remarkable cyclability. Nevertheless, 

the long-term air exposure of LiPON during nanoindentation measurements and many 

approximations made during picosecond ultrasonics data analysis create some ambiguity. 

LiPON’s film format also excludes mechanical testing beyond indentation (i.e. tensile, bending) 

due to presence of a substrate.  

Such dilemma associated with the substrate and insufficient active material amount for 

measurements originates from the conventional synthesis methods of LiPON thin film. In fact, a 

variety of existing methods are available to synthesize LiPON, including RF sputtering,37 pulsed 

laser deposition (PLD),51 atomic layer deposition (ALD),180 ammonolysis, inductively coupled 

plasma (ICP) and ball milling. Despite the diverse compositions of the LiPON variants yielded by 

different methods (Table 5.1), most of these processes require the use of a solid substrate (i.e., 

silicon, glass, alumina, or sapphire, etc.) for LiPON to be deposited on, especially for vacuum 

deposition techniques. Those methods getting around the use of substrate such as ammonolysis, 

ICP or ball milling suffer either from the altered LiPON properties or the introduction of interfacial 

impedance between LiPON powders.181–183 For the sake of enabling further fundamental 

characterizations, the removal of the substrate during LiPON synthesis will serve as a sound 

solution. Furthermore, substrate removal will also improve the energy density of thin film solid-

state battery, as the substrate usually weighs several to hundreds of times more than the active 

materials. 
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Table 6.1 Existing methods for LiPON production. 

 

Inspired by the semiconductor industry, where a photoresist is commonly used as a mask 

material that can withstand plasma-assisted deposition while being easily removed by organic 

solvents, herein we introduce a different methodology to synthesize a LiPON thin film that is in 

freestanding form without a rigid solid substrate. This freestanding LiPON (FS-LiPON) thin film 

exhibits transparency and a remarkable flexibility. The proposed methodology shows no 

modification to the LiPON structure, chemical bonding environments, and electronic properties, 

compared with the substrate-based analogues in literature. Leveraging this form factor, solid-state 

NMR of Li metal/FS-LiPON sample provides fresh quantitative insights on the interphase 

formation towards a better understanding of associated stability of Li/LiPON interface. 

Differential scanning calorimetry (DSC) on FS-LiPON sample gives a more accurate measurement 

on the glass transition temperature of 207 ℃ for LiPON. Mechanical testing demonstrates a 

Young’s modulus of ~33 GPa and the remarkable flexibility of FS-LiPON films, opening up the 

chance of comprehensively studying LiPON’s intrinsic mechanical properties using it freestanding 

form. All the above measurements benefit from the enhanced S/N ratio due to the removal of the 
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substrate, illustrating the advantage and potential use of FS-LiPON for fundamental studies. With 

the aid of interfacial stress between at Cu/FS-LiPON and the presence of an Au seeding layer, we 

further demonstrate electrochemical deposition of uniform and fully dense Li metal under zero 

external pressure. The combination of interfacial stress and metal seeding layer for enabling 

uniform Li metal deposition provides new insights on interface engineering in bulk Li metal solid-

state batteries. 

 

6.2 Experimental Methods 

6.2.1 Photoresist Spin Coating  

AZ1512 photoresist (from EMD Performance Materials Corp.) is coated on clean glass 

substrate by spin coating. The heater temperature for prebake and postbake was set as 100℃. The 

spinning recipe includes 500 RPM for 20s, 1000 RPM for 20s and 2000 RPM for 60s. The resulting 

photoresist layer thickness is about 1.7 μm. 

 

6.2.2 Thin Film Deposition  

LiPON thin film was deposited on photoresist-coated glass substrate by RF sputtering 

using a crystalline Li3PO4 target (2″ in diameter, from Plasmaterials, Inc.) in UHP nitrogen 

atmosphere. The base pressure of the sputtering system was 3.0×10-6 Torr. LiPON deposition used 

a power of 50W and nitrogen gas pressure of 15 mTorr. The as-deposited LiPON thin film was 3.7 

μm in thickness with a growth rate of ~0.46 Å/s. The copper pads for EIS tests and current collector 

were deposited by thermal evaporation using copper pellets (from Kurt J. Lesker, 99.99% purity). 

Growth rate is 1 Å/s. Li metal anode for the Li-Cu cell was deposited by thermal evaporation with 

a base pressure of 2.5×10-8 Torr and growth rate of 3-4 Å/s. The Au seeding layer was deposited 
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by thermal evaporation using gold pellets (from Kurt J. Lesker, 99.99% purity). Growth rate is 1.5 

Å/s. 

 

6.2.3 X-Ray Diffraction 

The powder crystal X-ray diffraction was carried out on a Bruker micro focused rotating 

anode, with double bounced focusing optics resulting in Cu Kα1 and Kα2 radiation (λavg =1.54178 

Å ) focused on the sample. A sample of FS-LiPON was mounted onto a four circle Kappa geometry 

goniometer with APEX II CCD detector.  

 

6.2.4 Microscopic Morphology and Chemical Analysis 

Scanning Electron Microscopy (SEM) was performed using an FEI Apreo SEM with an 

electron beam energy of 5 keV and an electron beam current of 0.1 nA. The energy dispersive 

spectroscopy X-Ray spectroscopy (EDS) was collected using an electron beam energy of 5 keV 

by the Pathfinder EDS software from Thermo Scientific. 

 

6.2.5 X-ray Photoelectron Spectroscopy 

X-Ray photoelectron spectroscopy (XPS) was performed in an AXIS Supra XPS by Kratos 

Analytical. XPS spectra were collected using a monochromatized Al Kα radiation (hυ = 1486.7 

eV) under a base pressure of 10-9 Torr. To avoid moisture and air exposure, a nitrogen filled 

glovebox was directly connected to XPS spectrometer. All XPS measurements were collected with 

a 300 × 700 µm2 spot size. Survey scans were performed with a step size of 1.0 eV, followed by a 

high-resolution scan with 0.1 eV resolution, for lithium 1s, carbon 1s, oxygen 1s, nitrogen 1s, and 

phosphorous 2p regions. A 5 keV Ar plasma etching source was used for surface etching with a 
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pre-etching for 5 s, etching for 60 s and post-etching for 10 s. All spectra were calibrated with 

adventitious carbon 1s (284.6 eV) and analyzed by CasaXPS software. 

 

6.2.6 Electrochemical Measurements 

A Biologic SP-200 potentiostat was used to measure the electrochemical impedance 

spectroscopy (EIS) and DC polarization of FS-LiPON. The frequency range for EIS was 3 MHz 

to 100 mHz with an amplitude of 10 mV and the obtained data fitted with a linear least square 

fitting method. The constant voltage used for DC polarization is 1V. The setup for electrochemical 

measurements is shown in the schematic in Supplementary Figure 6.7A and Figure 6.13. To apply 

external pressure on Li-Cu FS-LiPON cell, a rigid stainless-steel plate (2×2×0.03 mm2) was placed 

between the active region of the cell and the probe during measurements. 

 

6.2.7 Solid-state Nuclear Magnetic Resonance 

The NMR measurements performed on Sub-LiPON and FS-LiPON were collected using a 

4 mm X/H channel Revolution probe on a 400 MHz (9.4 T) Bruker Biospin Avance Neo, operating 

at 161.97 MHz for 31P. The samples were packed within a 4 mm pencil-type ZrO2 rotor and spun 

at 10 kHz. The 31P spectra were collected as a rotor synchronized Hahn echo experiment with a 

90° pulse of 2.4 µs (B1 field strength ~104 kHz). Hahn echo experiments were processed from the 

top of the echo to remove the effects of ring down from the FID. The recycle delays used for the 

1D experiments was 25 s. 
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6.2.8 Differential Scanning Calorimetry 

The Differential Scanning Calorimetry (DSC) measurement was conducted with DSC 214 

Polyma (Netzsch). The temperature range was from 50°C to 500°C with a heating rate of 10°C 

/min. The DSC measurement was conducted under N2 environment. All samples were sealed in 

aluminum pans in an Argon-filled glovebox to reduce contamination. 

 

6.2.9 Cryogenic Focused Ion Beam/Scanning Electron Microscopy  

A FEI Scios DualBeam FIB/SEM equipped with cryo-stage was used to observe the surface 

and cross-section morphology of plated Li metal in FS-LiPON Li-Cu cell. The operating voltage 

of electron beam was 5 kV. Emission current of electron beam was set to 25 pA to minimize 

potential damage of electron beam. A gallium ion beam source was used to mill and thin the sample. 

The operating voltage of ion beam source was 30 kV. Emission currents of ion beam were chosen 

for different purposes, i.e., 10 pA for imaging by ion beam, 0.1 nA for cross-section cleaning and 

3 nA for pattern milling. To preserve the Li metal pristine morphology, a cryo-stage was used 

during pattern milling and cross-section cleaning processes, where the temperature of cryo-stage 

was maintained at around -185℃ due to heat exchanging with cooled nitrogen gas.  

 

6.2.10 Nanoindentation 

Nanoindentation was performed inside of a Thermo Fisher Scientific Scios 2 DualBeam 

FIB/SEM using a FemtoTools FT-NMT04 nanoindenter equipped with a Berkovich tip. 

Measurements of hardness and reduced modulus employed the continuous stiffness measurement 

(CSM) technique using a displacement-controlled test. Mechanical property values were averaged 

between displacements of ~60 nm and ~200 nm. Several five-by-five indent arrays were performed 
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at various locations on FS-LiPON films that were bonded to SEM stubs using epoxy. Tests were 

performed using a 4 s load-ramp time and a 0.2 s unload-ramp time. When transferring samples 

from an inert environment to the Scios 2 SEM, samples were exposed to <120s of atmosphere 

prior to the vacuum conditions inside the SEM. 

 

6.3 Results and Discussions 

6.3.1 A Flexible Freestanding LiPON Thin Film  

Figure 6.1A depicts the fabrication procedure of FS-LiPON. Before employing RF 

sputtering, a spin-coating method was used to coat a clean glass substrate with photoresist. Details 

about the spin coating recipe can be found in the experimental procedure section. LiPON thin film 

was then deposited onto the coated glass substrate by RF sputtering under N2 plasma. After RF 

sputtering, LiPON sample was transferred into a container filled with Dimethyl carbonate (DMC) 

solvent in an argon-filled glove box. The substrate and LiPON film were fully immersed in DMC 

for overnight. Photoresist was then dissolved by DMC, after which LiPON film delaminated from 

the glass substrate and ready for pickup. Unlike the common way of producing LiPON thin film 

on a solid substrate, this method yields LiPON film in a freestanding form and exhibits 

transparency and remarkable flexibility as shown in Figure 6.1B. Such characteristics indicate 

LiPON being a soft material, in stark contrast with previous observations in literature.146,179 

Depending on the substrate size, deposition area and deposition time, the area, thickness and 

sample amount of FS-LiPON can be controlled following this procedure (Figure 6.2). 
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Figure 6.1 (A) Schematic of synthesis procedure for FS-LiPON. (B) Optical photo of a transparent 

and flexible FS-LiPON thin film. (C) XPS spectra of O 1s, N 1s, P 2p and Li 1s regions of FS-

LiPON thin film. (D) EIS plot and (E) DC polarization plot of FS-LiPON. 
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Figure 6.2 The photos of (A) a transparent and flexible FS- LiPON film and (B) FS-LiPON pieces 

in a capped battle. 

 
A variety of characterizations are performed to ensure that the structure, chemical bonding 

environments and electrical properties of FS-LiPON are not affected during the above synthesis 

procedure. The cross-sectional scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDS) elemental mapping, shown in Figure 6.3, demonstrate that FS-LiPON retains 

its fully dense nature in this 3.7-μm-thick film and that P, O, and N elements are uniformly 

 

 
Figure 6.3Cross-section image and EDS mapping of FS-LiPON. 
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distributed across the sample. Figure 6.4A shows the X-ray diffraction (XRD) results of FS-LiPON, 

where no diffraction spot is present in the top diagram, and the integrated signal at the bottom only 

exhibits an amorphous feature around 23 degrees in 2θ, indicating the amorphous characteristic of 

FS-LiPON. Figure 6.1C displays the XPS result of FS-LiPON thin film, where O 1s, N 1s, P 2p 

and Li 1s regions manifest consistent features with substrate-based LiPON (Sub-LiPON) that are 

included in Figure 6.5, Figure 6.6 and in literature,31,38 illustrating that the chemical bonding 

environments are retained in the freestanding film. Moreover, the elemental mapping results by 

 
Figure 6.4 (A) XRD pattern of FS-LiPON thin film. (B) SEM image and EDS mapping on the 

surface of FS-LiPON. 

 
 EDS on FS-LiPON surface in Figure 6.4B confirm that N, P and O elements are uniformly 

distributed on the surface of the FS-LiPON film. Serving as an SSE, LiPON is an ionic conductor 

whilst an excellent electrical insulator. Electrochemical impedance spectroscopy (EIS) and direct-

current (DC) polarization were subsequently employed to examine the electrical properties of FS-

LiPON. The EIS spectrum in Figure 6.1D yields an ionic conductivity of 2.5×10-6 S/cm for FS-

LiPON, consistent with that of Sub-LiPON shown in Figure 6.7 and is better than the LiPON 

analogues produced by PLD and ALD methods.51,180 DC polarization plot in Figure 6.1E gives an 

electronic conductivity of 1.2×10-14 S/cm, on the order of Sub-LiPON as reported in literature.38,184 
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Based on above results, FS-LiPON exhibits consistent properties with Sub-LiPON regardless of 

its freestanding form.  

 
Figure 6.5 XPS spectra of O 1s, N 1s, P 2p and Li 1s regions collected on FS-LiPON and sub-

LiPON thin film, respectively. Note that the peak located at 403.5 eV in N 1s region of sub-LiPON 

can be attributed to NO2- species, which is not present in the FS-LiPON. 

 

 
Figure 6.6 XPS survey spectra of FS-LiPON and sub-LiPON films, showing an identical chemical 

environment. 
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Figure 6.7 (A) Testing configuration for the EIS measurement. (B) EIS result collected on sub-

LiPON. 

 
 
6.3.2 New Opportunities for Fundamental Study of LiPON 

The Li/LiPON interface remains one of the most important interfaces in solid-state battery 

field, demonstrating extraordinary electrochemical stability.40,42 As a model example to 

demonstrate the advantage of applying FS-LiPON for spectroscopic characterization, ss-NMR was 

performed on Li/FS-LiPON sample and the results are shown in Figure 6.8A-C. The Li/FS-LiPON 

sample was prepared by depositing Li metal on FS-LiPON film using thermal evaporation. Figure 

6.8A shows the 31P magic angle spinning (MAS) NMR spectra of FS-LiPON and Li/FS-LiPON. 

A high signal-to-noise ratio of the NMR spectra was obtained, attributed to the increased sampling 

volume permitted by freestanding form of the samples. Based on the previous assignments on FS-

LiPON,53 four different structural units are identified in each spectrum, including orthophosphate 

tetrahedra PO4
3- (Q0

0), P2O7
4- dimers (Q1

0), bridging-N P2O6N5- dimers (Q1
1) and apical-N PO3N4- 

units (Q0
1). A clear difference regarding the content of these structural units is shown in Figure 

6.8B. The Li/FS-LiPON sample shows an increase (13%) of Q0
0 units relative to the FS-LiPON 

sample at the expense of PON units (Q0
1 and Q1

1). Such increase of PO4
3- content indicates that a 

large amount of Li3PO4 components were generated between Li metal and LiPON as a result of   
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Figure 6.8 (A) 31P MAS NMR spectra of FS-LiPON and Li/FS-LiPON films. The spectrum of FS-

LiPON was a reprint of our previous work53, used here for comparison. (B) Structural unit 

component differences based on NMR deconvolution. Q0
0 stands for the orthophosphate tetrahedra 

PO4
3- units, Q1

0 stands for the bridging-O P2O7
4- dimer units, Q1

1 stands for the bridging-N P2O6N5- 

dimer units and Q0
1 stands for the apical-N PO3N4- units. (C) 7Li MAS NMR spectra of FS-LiPON 

and Li/FS-LiPON (D) DSC analysis of FS-LiPON film. The inset photos show the gas evolution 

due to DSC measurement. (E) Film hardness values measured via continuous stiffness 

measurement (CSM) indentation up to ~10% of the film thickness. Inset image shows the indents 

array on FS-LiPON during the nanoindentation experiment using a Berkovich indenter. 
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interface formation, consistent with our previous observation via cryo-EM.42 The decrease of other 

structural units such as bridging-O configuration (Q1
0), bridging-N configuration (Q1

1) and apical-

N configuration (Q0
1) in turn facilitate the formation of interface components including Li3N and 

Li2O between Li metal and LiPON. 7Li MAS NMR spectrum of Li/FS-LiPON in Figure 6.8C 

shows a clear shoulder around 7.5 ppm compared with FS-LiPON, indicating Li3N formation at 

the interface.185 The slight peak shift shown in Figure 6.8C may be due to dynamical 

heterogeneities between the interfacial Li ions and Li ions deep in LiPON. Li metal was also 

clearly observed at 264 ppm in Figure 6.9.  

 

Figure 6.9 Li7 MAS NMR spectrum showing the presence of Li metal in Li/FS-LiPON sample. 

 
Previous observations by electron microscopy probed the spatial distribution of interface 

components between Li metal and LiPON,42,177 while above ss-NMR results of Li/FS-LiPON 

sample provide quantitative insights on the content of interface components, revealing the amount 

of Li3N and Li3PO4 formation as the interface products. The peak shift in 7Li MAS NMR spectra 
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suggests an enhanced lithium kinetics in Li/FS-LiPON sample, likely contributed by the interface 

components such as Li3N. The coupling of ss-NMR results with cryo-EM observation have 

depicted a more complete view of Li/LiPON interface both compositionally and spatially. As-

formed interface components such as Li3N, Li2O and Li3PO4 not only serves as a passivation layer 

to prevent LiPON from being continuously reduced by Li metal, but also improves the kinetics at 

the interface to potentially facilitate uniform lithium transport and nucleation. 

The format of FS-LiPON also permits thermal property analysis. LiPON is known to be a 

glassy material for which the glass transition temperature is one of the most important metrics to 

determine its metastable states and application environments. Nevertheless, due to the limitation 

of active material for measurement, previously documented trials using DSC to examine the glass 

transition temperature of Sub-LiPON failed to capture clear transition behaviors.186 To this end, 

DSC was conducted on FS-LiPON. Results in Figure 6.8D show an obvious glass transition with 

an onset temperature of 207 ℃ and inflection around 234 ℃, consistent with LiPON glass 

transition temperature studied using spectroscopic ellipsometry.187 Subsequent thermal response 

further captured the crystallization process of LiPON, along with the gas evolution observed 

during heating (inset images in Figure 6.8D). DSC results suggest that a proper temperature range 

to handle LiPON falls below 325 ℃. Extra consideration needed to be taken when heat treatment 

is performed on LiPON-related samples. 

Outlooking the potential of FS-LiPON in the fundamental research, more chances are 

opened up to investigate the intrinsic properties of LiPON by mechanical tests. Note that it is 

essential to maintain an inert environment during the mechanical examination of LiPON, as Figure 

6.10 shows that FS-LiPON went through stiffening due to air exposure after 3 days. 
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Figure 6.10 Photos of the same piece of FS-LiPON film before air exposure (A) and after air 

exposure (B), showing the film shape change due to stiffening. 

 
Figure 6.8E display the nanoindentation results collected within a vacuum chamber. The hardness 

values were plotted against contact depth of the indenter into FS-LiPON from continuous stiffness 

measurement (CSM), with statistics collected from over 100 indentation locations (inset image in 

Figure 6.8E shows the indents array at one sampling region). Nanoindentation gives an average 

hardness value around 2.7 GPa of FS-LiPON in the displacement range from 50 nm to 200 nm. 

The hardness values below 50 nm were primarily surface effect and have been excluded when 

determining the film hardness. Such a hardness of FS-LiPON is lower than the previously reported 

value of 3.9 GPa on sub-LiPON.188 Based on the mathematical methods developed by Ma et al.189 

to determine Young’s modulus from hardness, we obtained an average Young’s modulus of FS-

LiPON around 33 GPa, in contrast to the previously reported value of ~80 GPa for sub-LiPON.188 

It has been documented that vacuum deposition process commonly generates residual stress within 

thin film since the substrate may experience thermal expansion, contraction, or lattice mismatch, 

etc. during the deposition.190 Specifically, sputtering process tends to generate compressive 

residual stress in the deposited thin film, which can affect the mechanical properties of thin films, 

such as increased hardness and Young's modulus.191 Therefore, the removal of substrate for FS-

LiPON has potentially resulted in stress release within LiPON film, which leads to diminished 
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hardness and Young’s modulus as seen. Such observation also suggests the importance to quantify 

residual stress in LiPON film before determining its mechanical properties.  

 
Figure 6.11 Time-lapse series of images during the flexibility test on FS-LiPON films with 

thicknesses of 1.7 m, 2.6 m and 3.7 m, respectively. 

 
As FS-LiPON film manifests a flexible feature, a series of flexibility testing were 

performed on FS-LiPON film to qualitatively understand the relationship between flexibility and 

film thickness. Results are shown in Figure 6.11, where films of varied thicknesses (1.7 mm – 3.7 

mm) were taken for the bending test to examine the flexibility. A flathead tweezer was used to 

apply force on the FS-LiPON films whilst a video was taken to record the bending and breakage 

of the film. As the time-lapse series of images shown in Figure 6.11, all the FS-LiPON films exhibit 

remarkable flexibility upon bending. Right before film breakage, the 1.7-mm-thick film shows a 

high extent of bending compared with the 3.7-mm-thick film, indicating a higher flexibility.  

Above results again illustrate the potential of using this freestanding film to obtain native 

properties of LiPON material itself. Regarding the mechanical properties, further tests such as 
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tensile test, compression test, etc. can be performed on this FS-LiPON, which would otherwise be 

impossible to conduct on Sub-LiPON. 

 

6.3.3 Electrochemical Activity of FS-LiPON 

Apart from the intrinsic properties, FS-LiPON is also demonstrated to be applicable in 

electrochemical devices. A FS-LiPON Li-Cu cell was fabricated using the configuration shown in 

Fiugre 4.12A, where Cu and Li electrodes with the same designed area were aligned across FS-

LiPON film. As-fabricated Li-Cu cell harnesses the flexible nature of FS-LiPON as shown in 

Figure 6.12B. The flexibility of the cell was further demonstrated in Figure 6.12C, where the cell 

was bent by the tweezer while still able to sustain Li metal plating and stripping capability 

afterwards. After cell fabrication, the cell was tested using the configuration in Figure 6.13. Figure 

6.12D shows the voltage curve of the Li-Cu cell during constant-current measurement. When a 

current of -50 nA is applied, the cell exhibits a voltage dip and reaches an overpotential of ~-1V, 

after which a stable plating process proceeds. When altering the current direction, a stripping curve 

feature is obtained. The cell demonstrated a stable plating and stripping over 13 cycles without 

short-circuiting, indicating the ability of FS-LiPON to shuttle lithium ions. The relatively high 

overpotential is likely caused by the resistance to deformation of the Cu current collector whist Li 

metal nucleates and grows. Apart from the nucleation barrier of Li metal, there is extra mechanical 

work needed to overcome the Cu deformation. It is noteworthy that owing to the unique 

configuration of FS-LiPON Li-Cu cell, no external pressure was applied to the cycled cell. 
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Figure 6.12 (A) Cross-section schematic of the FS-LiPON Li-Cu cell. Photos of FS-LiPON Li-Cu 

cell from top view (B) and upon bending (C). (D) Voltage curve of Li metal plating and stripping 

in a FS-LiPON Li-Cu cell. Cross-section cryo-FIB/SEM images of Li-Cu cell before Li metal 

plating (E) and after Li metal plating (F). The plated capacity in (F) is ~0.31 mAh/cm2. (G) 

Schematic showing the proposed non-uniform void formation mechanism during Li metal plating. 

 

The plated Li metal morphology in FS-LiPON system was then examined by cryogenic 

focused ion beam/scanning electron microscopy (cryo-FIB/SEM). Figure 6.12E displays the cross-

section morphology of pristine Li-Cu cell, where no extra layer is observed between Cu and FS-
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LiPON before plating and the evaporated Li metal on the other side of FS-LiPON appears fully 

dense. Note that cryogenic protection during FIB milling is crucial to preserve the pristine 

morphology and chemistry of Li metal, as reported elsewhere before66 and demonstrated in Figure 

6.14. After a constant current plating, Li-Cu cell shows a dense Li layer with dark contrast between  

 
Figure 6.13 Schematic of testing configuration for Li-Cu FS-LiPON cell cycling. 

 

 

Figure 6.14 Cross-section FIB/SEM of the Li-Cu cell with ion milling performed at room 

temperature (A) and cryogenic temperature (-180°C). Morphology and contrast of plated Li metal 

in (A) have been changed due to the lack of cryogenic protection compared with (B). 

 

Cu and FS-LiPON in Figure 6.12F. Associated Li-Cu cell voltage curve is plotted in Figure 6.15. 

EDS mapping on a plated Li-Cu cell in Figure 6.16 illustrates the presence of Cu, P, O and Ga 

over corresponding regions. Due to the inability of regular EDS detectors to distinguish Li signal, 
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the absence of EDS signal in the dense layers between Cu and FS-LiPON, and in the evaporated 

Li metal region suggests the existence of plated Li metal above FS-LiPON. Such features indicate 

a fully dense Li metal electrochemical deposition was realized by this FS-LiPON configuration 

when no external pressure was present.  

 

Figure 6.15 Voltage curve of Li metal plating with 1-day rest step. 

 

Figure 6.16 (A) Cross-section cryo-FIB/SEM image of the Li-Cu cell after plating. (B) EDS 

mapping of the corresponding area in (A). 

 
Intriguingly, in Figure 6.16 a void region was observed between FS-LiPON and evaporated 

Li metal, as hinted by the aggregation of Ga signal that is commonly caused by redeposition during 

FIB milling and that is prevalently found at the bottom of void region after FIB milling.42 A similar 

void feature is also observed in Figure 6.12F, where a gap presents between FS-LiPON and 
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evaporated Li. Though the theoretical thickness of plated Li metal is calculated to be 1.5 μm based 

on the areal capacity, the observing region shows a plated Li metal thickness around 4 μm in Figure 

6.12F. Top-view SEM image in Figure 6.17 displays various bumps distributed over the Cu surface 

after plating. Figure 6.12G delineates the plating process occurring in Li-Cu cell without pressure 

control. Before plating, each constituent in the cell is distinguishable by the well-defined interfaces. 

After plating, plated Li metal forces up the Cu layer around the initial nucleation site, while the 

non-uniform lithium-ion flux within FS-LiPON drives lithium atoms around the vicinity of the 

nucleation site to migrate and compensate the metallic lithium reservoir right under the nucleation 

site. Therefore, void regions are formed around the nucleation site after plating is completed. 

Above results suggest that Li metal plating is non-uniform across the FS-LiPON when cycling 

without external pressure. However, wherever it is plated between Cu and FS-LiPON, Li metal 

remains fully dense. 

 
Figure 6.17 Top-view SEM image of Cu surface on the Li-Cu cell after Li metal plating. 

 
From a side view, the electrochemical deposition of Li metal in liquid electrolyte has long 

been problematic due to the uncontrollable mass transfer, non-uniform nucleation, and continuous 

growth of solid electrolyte interphase (SEI), which render the deposited Li metal torturous and 

wisker-like.84,192 The electrochemically deposited Li metal in other SSE systems (i.e. Li7La3Zr2O12 



 118 

and Li6PS5Cl, etc.), however, appears fully dense regardless of dendrite formation issues. Such 

morphological differences are likely due to the presence of external pressure on the order of several 

MPa in SSE system.47,193  

 

6.3.4 Enabling Fully Dense, Uniform Li Deposition Without External Pressure 

Analogous to the cases of other solid electrolyte systems, fully dense Li metal plating has 

also been demonstrated in FS-LiPON system. Nevertheless, it is noteworthy that there is no 

external pressure applied on the LiPON system when the fully dense feature of plated Li is obtained, 

suggesting the possible presence of interfacial stress that could act as internal pressure to promote 

Li metal yielding and facilitate subsequent dense Li metal deposition. Previous work by Motoyama 

et al. proposed a model to simulate the interfacial stress between Li metal and Cu current collector 

after plating, where they used an imaginary Li metal sphere and estimated the radial stress on Li 

metal surface based on Hoop stress formula.194 

Employing the similar stress analysis model shown in Figure 6.18A, we obtained the 

formula as follows: 

 

where 𝑃𝑖 is the interfacial stress between Li and Cu, 𝜀𝐶𝑢 is strain in the circumferential 

directions, 𝐸𝐶𝑢 is Young’s modulus of Cu, 𝑡 is the thickness of Cu, 𝑟𝑖 is the radius of Li metal 

imaginary sphere, 𝜅 is the curvature of Cu, 𝜈𝐶𝑢 is the Poisson’s ratio of Cu. The input values of 

above parameters were extracted from Figure 6.19 and listed in Figure 6.20. Figure 6.18B shows 

the Cu strain and resulting interfacial stresses in the Li-Cu cells with different Cu thickness, 

𝑃𝑖 =
𝜀𝐶𝑢𝐸𝐶𝑢

(1 − 𝜈𝐶𝑢)
∙ {

3(𝑟𝑖 + 𝑡)3

2[(𝑟𝑖 + 𝑡)3 − 𝑟𝑖
3]

−
𝜈𝐶𝑢

1 − 𝜈𝐶𝑢
}

−1

              (4.1) 



 119 

ranging from 0.151 GPa to 0.503 GPa as Cu strain ramps from 0.024 to 0.052. Obtained stresses 

herein are hundreds of times higher than the external pressure applied on bulk SSE analogues. 

 

Figure 6.18 (A) Schematic of the interface model for interfacial stress simulation, where 𝑃𝑖 is the 

interfacial stress between Li and Cu, 𝜎𝜃 is the stress on Cu in the circumferential directions, 𝜎𝑟 is 

the stress on Cu in the radial direction, 𝑡 is the thickness of Cu, 𝑑𝐶 is the length of the chord marked 

in the Li sphere underneath the Cu dome region, 𝑟𝑖 is the radius of Li metal imaginary sphere. (B) 

Cu strain and simulated interfacial stress in Li-Cu cell with regard to different Cu thicknesses. (C) 

Proposed principles and solution to achieve uniform Li metal deposition in solid system. (D) Cryo-

FIB/SEM image showing uniform Li deposition realized by adding Au seeding layer in FS-LiPON 

Li-Cu cell.  
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Figure 6.19 Top-view and cross-section SEM images of Li-Cu cell with different Cu thicknesses. 
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Figure 6.20 Stress analysis on Li-Cu cell with different Cu thicknesses. (A) Schematic of the model 

used for interfacial stress estimation and corresponding formula. (B) parameters and calculated 

stresses at Li/Cu interface with different Cu thicknesses. 

 
Such high interfacial stress present at Cu/Li interface confines Li metal morphology to achieve 

fully dense feature. Based on aforementioned stress formula, interfacial stress is inversely 

proportional to the Li deposit diameter and proportional to Cu strain, suggesting that Li metal 

deposit tends to have plenary growth so that overall stress can be released, resulting in more 

uniform coverage of Li metal on LiPON and less chance of dendrite formation. As such, we 

propose several criteria that need to be considered while building ideal configuration for Li metal 

plating in solid state system. As shown in Figure 6.18C, intrinsic interfacial stress is essential to 

generate pressure during Li metal plating without the aid of external pressure; proper current 

collector thickness is needed to confine Li metal morphology while maintaining its own structural 

integrity; uniform Li metal nucleation and rapid merging of different Li nucleates helps reduce the 
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plastic deformation of current collector to prolong the cyclability. Consequently, one solution to 

achieve uniform Li metal deposition is adding seeding layer at Cu/SSE interface, as to facilitate 

uniform Li metal nucleation and subsequent uniform and dense Li metal growth. In this case, Au 

seeding layer was selected to demonstrate the hypothesis, since metal elements that alloy with Li 

metal tend to be lithiophillic and can regulate nucleation behavior.195 Prior to depositing Cu on 

FS-LiPON, a 3-nm-thick Au layer was first evaporated on FS-LiPON. Surface SEM image and 

EDS results in Figure 6.21 validates the Au film formed on FS-LiPON before Li-Cu cell 

fabrication. After electrochemical plating with zero external pressure (Figure 6.22A),  

 

Figure 6.21 (A) Top-view SEM image of Au seeding layer on FS-LiPON. Au film thickness is 3 

nm. EDS mapping results of Au signal (B) and P signal (C) in the same region, demonstrating the 

uniform evaporation of Au on FS-LIPON. (D) EDS spectrum collected from the region shown in 

(A). 
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Cu surface remains relatively smooth as shown in Figure 6.22B, suggesting a uniform Li metal 

deposition beneath. Figure 6.18D shows the cross-section image of the Li-Cu cell with Au seeding 

layer after plating. Measured thickness of Li metal deposit is ~1.3 m, close to the thickness 

calculated from areal capacity (Figure 6.22A). Li metal deposit appears not only full dense, but 

also uniform across the whole region. Small inclusions found in plated Li metal layer are likely 

the Li-Au alloy based on cross-section EDS in Figure 6.23. Based on above results, with the aid 

of interfacial stress and seeding layer, uniform and fully dense Li metal deposition can be realized 

in solid-state system under zero external pressure. 

 

 
Figure 6.22 (A) Voltage curve of Li metal plating in Li-Cu cell with Au seeding layer. (B) Surface 

morphology of plated Li-Cu cell, showing a relatively smooth Cu surface and indicating uniform 

Li metal deposition. 

 

 
Figure 6.23 (A) Cross-section image of plated Li-Cu cell with Au seeding layer. Plated Li metal 

in this cell is ~3 m in thickness. Inclusions within plated Li layer can be seen. (B) EDS mapping 

at the region shown in (A), suggesting the inclusions are Au-containing species. 
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Additionally, a further effort to demonstrate Li stripping in the Li-Cu FS-LiPON cell were 

summarized in Figure 6.24 and Figure 6.25. Although the Li-Cu FS-LiPON cell without external 

pressure ended up with non-uniform stripping that led to the formation of gaps between Cu and 

FS-LiPON and generates inactive lithium (Figure 6.24), an external pressure of ~87.5 kPa helped 

largely improve the Coulombic efficiency to 82.7% (Figure 6.25). It is important to stress that 

external pressure appears to be essential for the stripping process, while uniformly dense Li metal 

plating could be realized via interfacial stress and seeding layer solely. Another note is that the 

external pressure used in this set of experiments was nearly two orders of magnitude lower than 

the pressure commonly used in bulk solid-state Li metal batteries.47,126 With such a low external 

pressure, a relatively good Coulombic efficiency for Li metal plating and stripping was achieved. 

An intriguing observation was that the gap/void caused by stripping was formed between Cu and 

Li metal instead of being present between Li metal and FS-LiPON (Figure 6.25C), in contrast to 

the scenarios reported in bulk solid-state systems using argyrodite- or garnet-type SSEs.196,197 Such 

difference is indeed related to the various current densities applied. Nevertheless, the fact that void 

was absent between Li metal and SSE in this case pertains to the unique characteristics of LiPON 

itself and Li/LiPON interface: LiPON is known for its amorphous nature, where grain boundaries 

are avoided. However, grain boundaries in other SSEs could be detrimental for creating current 

hotspot during Li plating/stripping as grain boundaries exhibit a higher electrical conductivity than 

bulk SSE does;94 Meanwhile, the interface formed between Li and LiPON guarantees a facile 

lithium transport with excellent electrochemical stability that prevents current hotspot caused by 

continuous interfacial reactions. These features might have contributed to the absence of void 

formation between Li metal and LiPON and could shed light on the interface engineering in the 

bulk solid-state batteries.  
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Figure 6.24 (A) Voltage curve of Li-Cu FS-LiPON cell cycled with a current of 100 nA under no 

external pressure. (B) Cross-section image of Li-Cu cell with Au seeding layer after cycling. Li 

metal layer appears charging under SEM. (C) Cross-section image of Li-Cu cell with Au seeding 

layer after cycling with a gap formed between Cu and FS-LiPON layers. 

 

 

Figure 6.25 (A) Voltage curve of Li-Cu FS-LiPON cell cycled with a current of 100 nA under an 

external pressure of ~87.5 kPa. (B)(C) Cross-section images of Li-Cu cell with Au seeding layer 

after cycling. 
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6.4 Conclusions and Outlook 

This work presents a different methodology to produce a thin film SSE in a freestanding 

form that manifests transparency and remarkable flexibility. Basic characterizations validated the 

chemical compatibility of FS-LiPON against materials used during synthesis procedure. The 

absence of substrate for FS-LiPON largely leverages fundamental studies on LiPON material. 

Solid-state NMR illustrates fresh quantitative insights of Li/LiPON interface supplementing the 

previous findings by electron microscopy. DSC captures the glass transition behavior of LiPON 

around 207 ℃ with a high signal-to-noise ratio. Nanoindentation and flexibility test yield a 

Young’s modulus of ~33 GPa of LiPON and show the flexible nature of LiPON film, respectively, 

calling for further mechanical tests to comprehensively explore LiPON’s native mechanical 

properties. A further demonstration of an electrochemical cell employing FS-LiPON shows its 

ability to conduct lithium ions. Stress analysis at Li/Cu interface suggests the presence of a high 

compressive stress in the order of 10-1 GPa, which facilitates Li metal yielding and is the key for 

a dendrite-free, dense Li metal morphology. With the further aid of Au seeding layer, a fully dense 

and uniform Li metal deposition was realized under zero external pressure. The ideal conditions 

proposed for uniform Li metal deposition that combine interfacial stress and seeding layer provide 

new perspectives for interface engineering. The effort on Li metal stripping implies the essence of 

the amorphous nature of SSE and interfacial stability on preventing void formation within Li metal 

during the stripping process. With the freestanding form of LiPON thin films, opportunities have 

been opened up for a wider application of LiPON material. When coupled with casted cathodes, 

FS-LiPON can potentially be utilized as the SSE and enable Li metal anode with minimal external 

pressure. 
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Chapter 6, in full, is a reprint of the material, as it appears in a work that is currently under 

rebuttal with Nature Nanotechnology: D. Cheng, T. Wynn, B. Lu, B. Han, R. Shimizu, B. 

Sreenarayanan, M. Marple, Y. Yang, H. Nguyen, W. Li, G. Zhu, M. Zhang and Y. S. Meng, 

“Freestanding LiPON: from Fundamental Study to Uniformly Dense Li Metal Deposition Under 

Zero External Pressure”, 2023. The dissertation author was the primary investigator and first 

author of this paper.  
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Chapter 7. Conclusion and Future Perspectives 
 

7.1 Summary of the dissertation 

Over decades of battery research on developing new materials/chemistries and advancing 

characterization methodologies, numerous fresh understandings on active materials and interfaces 

have been documented in literature. Nevertheless, Li metal anode remains as the “holy grail” for 

researchers in the fields of both liquid-electrolyte battery and its solid-state analogues. Although 

some liquid-electrolyte battery using fluorinated-ether-based electrolyte has enable a Coulombic 

efficiency as high as 99.9%,8,75 the reactivity of Li metal and highly flammable organics in the 

electrolyte cast big question marks on its practical use in the electric vehicles. On the other hand, 

the intrinsically safer alternative that utilize SSEs has demonstrate some success on addressing the 

Li dendrite issue and interface instability,47 however, the high isostatic pressure required for stable 

cycling introduced extra hurdles for battery scaling up. Future efforts on ASSB call for new 

strategies to enable uniform Li metal plating/stripping at lower stacking pressure and to stabilize 

Li metal-associated interface with more effective way.  

Owing to the well-defined platform provided by LiPON-based thin film batteries, a deeper 

understanding of LiPON’s interface stability against highly reductive Li metal and high oxidative 

LNMO cathode has been unraveled with the aid of advanced electron microscopy. The efforts on 

producing freestanding LiPON film offered valuable quantitative insights on interface formation 

between Li metal and LiPON by solid-state NMR, which serves as supportive evidence to the 

electron microscopy observation. Moreover, freestanding LiPON was demonstrated to enable Li 

metal plating in a uniform and fully dense manner without external pressure. Such observations 

provide new insight on interface engineering, but also bring new hints on reducing the external 

pressure on Li metal ASSB that is required for stable cycling. 
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Chapter 4 focuses on one of the most famous yet least understood interfaces, Li/LiPON 

interface, for characterization. By coupling cryo-FIB/SEM and cryo-TEM, such an air- and beam-

sensitive interface was illustrated to form a 76-nm-thick interphase, composed of Li2O, Li3N and 

Li3PO4 decomposition products that are embedded in an amorphous matrix. The mixture of these 

ionically conductive but electrically insulating species, and the elemental gradients at the 

interphase are proposed to effectively protect LiPON from being continuously reduced by Li metal 

anode. The findings on LiPON’s electrochemical stability against Li metal stress on the essence 

of suitable interface component (i.e., Li3N) and chemical gradient at the interface, pivoting 

interface engineering towards new directions. 

Chapter 5 sheds light on the new understanding of LNMO/LiPON interface by combining 

advanced characterization tools and computational methods. An overlithiation is observed at the 

surface of LNMO at the interface that leads excess 1st charge capacity and Mn reduction. The 

deposition process of LiPON on LNMO is proposed to be the cause of overlithiation, which is 

potentially related to LiPON’s resilience against the high oxidative potential of LNMO. The intact 

interface contact between LNMO and LiPON after over 500 cycles suggests the importance of 

atomic contact to interface stability, and offers hints to remove conductive agents at the interface 

that could serve as the hotspots for interfacial decomposition. 

Chapter 6 demonstrates a new methodology to synthesis LiPON film in a freestanding 

form. The removal of rigid, thick substrate provides numerous merits for both fundamental studies 

and applications. Ss-NMR was able to probe the Li/LiPON interface with quantitative insights on 

the interfacial components formation, which are regarded as the supportive evidence to the spatial 

distribution observed in the Li/LiPON work by cryo-TEM in Chapter 4. DSC measurement yields 

a well-defined glass transition temperature of LiPON, while nanoindentation uncovers a Young’s 
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modulus of ~33 GPa of LiPON that might be related to a residual stress release process in the 

freestanding film. FS-LiPON film was further illustrated to enable a uniformly dense Li metal 

plating with zero external pressure, aided by combining interfacial stress and seeding layer, which 

provides valuable insights on interface engineering in bulk ASSB. 

In summary, this dissertation demonstrates a thorough study of LiPON and associated 

solid-solid interfaces in a Li/LiPON/LNMO thin film battery system with the help of advanced 

electron microscopy. Despite the deepened understanding of these subjects from above studies, 

the ex-situ characterizations still lack the ability to capture metastable phases and kinetics during 

reactions. Moreover, the local information collected by electron microscopy can be misleading 

when the sampling region is small. In the next section, we will discuss some potential directions 

for follow-up work as well as some limitations from instrumental perspective that could be 

addressed in the future. 

 

7.2 Future Perspectives 

7.2.1 In situ Li metal plating and stripping study by leveraging FS-LiPON film 

A uniformly dense Li metal plating has been observed in a Li-Cu FS-LiPON cell when 

zero external pressure is present. It was proposed that the uniform Li nucleation due to the use of 

seeding layer is the key to uniform Li metal growth afterwards. By leveraging the in-situ FIB/SEM 

capability that was developed years ago (Figure 7.1), one can verify the nucleation uniformity by 

observing surface morphology by SEM when biasing the Li-Cu FS-LiPON cell. Cross-section 

SEM image at early plating stage could offer direct evidence regarding Li metal nucleation and 

how seeding layer aids uniform nucleation.  

As introduced in Chapter 6, a Li-Cu FS-LiPON cell could achieve a Coulombic efficiency 

of 82.6% when stripped under external pressure. The intriguing finding in this experiment is that 
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voids are formed between Cu and residual Li metal instead of being between Li metal and LiPON. 

Such observation indicates the unique amorphous nature of LiPON and a good Li/LiPON interface 

might be key for preventing void formation during stripping in ASSB.  

 

Figure 7.1 Electrical connection schematic to enable in situ biasing within a FIB/SEM 

 
Therefore, it is necessary to conduct Li metal stripping following the in-situ plating in 

FIB/SEM. Exposing the cross section of the Li-Cu FS-LiPON cell during stripping can give 

unequivocal evidence of Li metal behavior upon stripping with/without external pressure. Results 

could generate meaningful dataset to explain Li metal stripping process in ASSB. However, note 

that due to the redeposition effect during FIB milling, Li-Cu FS-LiPON cell can be easily shorted 

at the cross-section region. Extra optimization on FIB milling parameters might be needed to 

perform above experiments. 
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7.2.2 A regulated cryo-EM workflow specifically for battery research 

Although the application of cryo-EM in batteries seems promising, herein we list out 

several concerns pertaining to the regulation of cryo-EM study that calls for attention: 1) the 

limitation of cryogenic protection; 2) cryogenic sample transfer protocols; 3) consistent data 

collection and reliable data analysis; 4) the dearth of knowledge for phase change of complex 

materials at low temperature.   

 

Figure 7.2 (A) Schematic of electron irradiation damage mechanisms, where only beam damage 

from Joule heating and Radiolysis can be mitigated by cryogenic protection. (B) Uncertainties 

during cryo-TEM sample transfer that can lead to inconsistent data collection and interpretation.  

Cryogenic protection is applied on material to avoid damage on its structure or chemistry 

from electron beam irradiation. The damage mechanisms fall into two main categories – elastic 

scattering (electron-nucleus interaction) and inelastic scattering (electron-electron interaction)198 

(Figure 7.2A). When elastic scattering damage occurs, accelerated electrons with high kinetic 

energy reaching the specimen surface lead to the displacement of atoms within the specimen. 
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Atoms are knocked off when the momentum transferred from electrons is high enough, resulting 

in irradiation damage. Alternatively, inelastic scattering damage occurs due to the interaction 

between incoming electrons and specimen electrons, which may cause overly joule heating, 

radiolysis, and electrostatic charging199. Note that of all the damage mechanisms, only joule 

heating and radiolysis can be mitigated by cryogenic protection, stressing the importance of 

knowing the damage mechanisms of target material before choosing the right way for protection 

from irradiation.  

The complexity of cryo-EM characterization determines that the discrepancies can be 

easily generated during the many steps of operation or generated as a result of diverse sample 

handling protocols. Such uncertainties lie in the whole sample transfer procedure, where cryo-

TEM holder choices, cryo-FIB sample transfer process, metal anode sample washing process and 

TEM sample storage before actual TEM sessions all need to be regulated with standardized 

protocols or well documented in the publication (Figure 7.2B). In specific, TEM holder choices 

between cryo-transfer holder and cryo-cooling holder could lead to data discrepancies due to the 

various amount of air exposure during the transfer200; cryo-FIB sample transferred through plunge 

freezing protection suffers from icing problem; metal anode TEM samples should not be washed 

by liquid electrolyte to maintain the surface chemistry integrity; the storage time for the TEM 

sample before actual measurement is also likely to cause result discrepancies even in the 

atmosphere-controlled glovebox.  

 

7.2.3 Automation of EM data analysis 

Another solution to ensure consistent dataset is the implantation of AI technology into the 

EM examination process, during both data collection and data analysis (Figure 7.3). Automated 
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TEM image acquisition will benefit on large-batch data acquisition and reduce the human errors 

caused by potential beam alignment issues, incorrect target material locating or inconsistent image 

acquisition parameters201. TEM images must be coupled with techniques such as EELS to confirm 

the characteristic chemical signature of target species202. Once dataset is collected, the analytic 

process requires new approaches that are capable of handling datasets of gigantic size with high 

efficiency and accuracy, with AI being a potential solution. Recently there has been a renaissance 

in AI-assisted data post-processing, owing to the success of deep learning (DL)203–205. However, 

certain limitations present in these studies due to the use of datasets from one specific sample204 

and the lack of a universal model for all the high-resolution images from one dataset. Thus, it is 

essential to develop coding tools that can be equipped with DL to process multiple TEM images 

and utilize suitable segmentation method to extract features such as the spots in Fast Fourier 

Transform (FFT) patterns so that crystallographic information about the specimens can be 

processed and summarized in an accurate way. The subsequent outputs eventually yield 

conclusions that can be based on statistics. Meanwhile, the emergence of automated analysis 

methods in materials science calls for adequate computational capability, which has given rise to 

open-source software and web-based hosting services206,207. Nevertheless, such analytical tools 

require an appropriate computational environment with necessary storage for operation. To avoid 

constantly upgrading and setting up the limited local computational environment (i.e., personal 

computers), cloud computing helps to achieve high-throughput data analysis using Software-as-a-

Service (SaaS) model, though data privacy and security remain an issue208,209. Hence, the 

development of web platforms that can provide material simulation and analysis, and 

supercomputer facility that allows real-time access for such TEM data processing will be 

imperative for the success of automated big data analysis. 
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Figure 7.3 Proposed workflow of AI-assisted TEM data collection and analysis. 

 
The deployment of cryo-EM into the battery field in the past four years has motivated many 

more efforts in studying the beam-sensitive interfaces and other crucial components lying at 

nanoscale, and provided invaluable insights for advancing battery design. The research focus of 

Li metal anode has shifted from suppressing dendrite growth to eliminating inactive lithium 

accumulation. Newly gained knowledge enabled morphology-controlled uniform Li metal 

deposition that can be tuned by nucleation process, interface engineering and external uniaxial 

pressure. Cryo-EM applications in other branches of battery research have shed light on the 

correlation between beam-sensitive interfaces/interphases and material performance. Looking 

forward, numerous fresh understandings can be obtained through more advanced capabilities of 

cryo-EM, such as 3D-tomography of SEI or operando biasing within TEM, which potentially 
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generate a more comprehensive picture of SEI formation/distribution and dynamic changes within 

battery during operation. Coupled with AI-assisted data collection and processing, cryo-EM will 

continue bringing advancement of battery systems at a far faster rate.  

In retrospect, the early development of cathode materials for battery and cryogenic 

functionality for electron microscopy occurred in the same era, but barely any interaction occurred 

for over four decades. Now electron microscopy finally made a detour back with cryogenic 

protection for advancing battery material characterizations. Unprecedented insights obtained from 

cryogenic techniques benefit not limited to the battery field, but to the whole material science 

community, stressing the importance of fully understanding material properties and behaviors over 

a vast temperature range. In this regard, exploring the phase diagram of complex materials at low 

temperature remains essential for better data interpretation from cryogenic techniques, which can 

yield new insights to the material study. With the advancement of high-end detectors and imaging 

techniques such as 4D-STEM, cryo-EM also gives chance to a more comprehensive picture of 

exotic physical properties of quantum materials and neuromorphic electronic materials when the 

motion of matters is slowed down at low temperature and can be then captured within a reasonable 

temporal scale.   

 
 

Chapter 7, in part, is a reprint of the material, as it appears in: D. Cheng, B. Lu, G. 

Raghavendran, M. Zhang and Y. S. Meng, “Leveraging Cryogenic Electron Microscopy for 

Advancing Battery Design”, Matter, 2022, 5, 26–42. The dissertation author was the primary 

investigator and first author of this paper.  
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