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Kurzfassung 
 

 

Ziel dieser Dissertation ist es, ein tieferes Verständnis für die Reaktionsschichten zwischen 

metallischem Lithium und lithiumionenleitenden Festelektrolyten zu erlangen und das 

Konzept der Opferschichten zur Passivierung der Lithium|Festlektrolyt–Grenzfläche zu 

erläutern und anhand praktischer Beispiele zu belegen.  

Zunächst werden die Lithium|Festlektrolyt–Grenzfläche und die an ihr auftretenden 

Phänomene diskutiert. Das Hauptaugenmerk liegt dabei auf der Bildung der 

Reaktionsschicht zwischen Lithium und dem Elektrolyten. Diese Bildung erfolgt sowohl in 

Batterien mit flüssigem Elektrolyten als auch in Batterien mit Festelektrolyten. Beide Systeme 

werden ausführlich erläutert und die Unterschiede zwischen diesen Fällen werden analysiert. 

Eine folgende Literaturzusammenfassung zeigt, mit welchen Materialien und Methoden in 

der Forschung versucht wird, die Grenzfläche zu stabilisieren und in wieweit sie die 

Zielsetzung erreichen, bzw. wo sie versagen.  

Ausgehend davon wird diskutiert, über welche Eigenschaften eine Grenzfläche verfügen 

muss, damit sie den Elektrolyten vor Zersetzung in Kontakt mit Lithium bewahrt. Da davon 

ausgegangen wird, dass nur die wenigsten Festelektrolyte über die intrinsische Eigenschaft 

verfügen, eine stabile Grenzfläche zu Lithiummetall auszubilden, wird der neu entwickelte 

Opferschichtmechanismus zur Stabilisierung der Grenzfläche erläutert. Es wird aufgezeigt, 

welche Aufgaben diese Opferschichten erfüllen müssen und welche Materialien in Frage 

kommen. 

Der Experimentalteil dieser Arbeit beschäftigt sich schließlich mit der Erzeugung dünner 

Schichten verschiedener Opferschichtmaterialien und der Herstellung der Testbatterien, 

sowie der verwendeten Nachweismethoden. 

Die Idee des Opferschichtmechanismus leitet sich aus der Untersuchung von „LiPON“ ab, 

einem Festelektrolyten, der eine passivierende Reaktionsschicht in Kontakt mit Lithium 

bildet. Mittels Röntgen–photoelektronenspektroskopischer (XPS) Messungen wird die 

Bildung dieser Reaktionsschicht untersucht und sowohl ihre Zusammensetzung als auch ihre 

Dicke wird in Abhängigkeit der Elektrolytstöchiometrie experimentell ermittelt. Diese 
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Untersuchungen geben Aufschluss darüber, wie eine Reaktionsschicht beschaffen sein muss, 

um eine passivierende Wirkung zu entfalten.  

Als zweites Material wird in dieser Arbeit Triphosphorpentanitrid (P3N5) eingesetzt. 

Aufgrund seiner Zusammensetzung sollte dieses Material in der Lage sein, in Kontakt mit 

Lithium eine Reaktionsschicht zu bilden, die die gleichen positiven Eigenschaften aufweist 

wie im Falle von „LiPON“. Der Spannungsabfall über die Reaktionsschicht sollte jedoch 

kleiner sein. Die Reaktionsschicht von P3N5 und Lithium sollte eine bessere ionische 

Leitfähigkeit besitzen, da im Gegensatz zu „LiPON“ kein schlecht leitfähiges Lithiumoxid 

Li2O gebildet wird.  

 Zunächst muss jedoch die Gültigkeit des Opferschichtmechanismus für P3N5 nachgewiesen 

werden, wobei diese Untersuchungen zum Vergleich sowohl mit dem pulverförmigen 

Ausgangsmaterial als auch mit hergestellten Dünnfilmen durchgeführt werden.  Mittels 

struktureller und elektrochemischer Messungen wird dann gezeigt, wie sich diese 

Opferschichten auf die Zelleigenschaften und die Lithium|Elektrolyt–Grenzfläche 

auswirken. Dazu werden sowohl symmetrische Li|LPS|Li–Feststoffzellen gebaut, als auch 

Vollzellen des Typs NCM:LPS|LPS|P3N5|Li. 

Abschließend folgt ein Ausblick auf weitere Maßnahmen zum Schutz der Grenzfläche. Diese 

reichen von einer Verbesserung der Schichtqualität der in dieser Arbeit verwendeten 

Materialien über weitere Vorschläge für Opferschichten bis hin zu Multischichtsystemen.   

Der Anhang dieser Arbeit umfasst neben einer ausführlichen Diskussion der Kenndaten 

herkömmlicher Lithiumionenbatterien, mit denen sich Feststoffbatterien werden messen 

müssen, zusätzliche Daten, die für das Verständnis der Argumentation förderlich sind. Dazu 

gehören zusätzliche Signale aus den XPS–Messungen von „LiPON“ und P3N5, als auch die 

Vergleichsmessungen des P3N5–Pulvers, aber auch Untersuchungsergebnisse weiterer 

möglicher Schutzschichtmaterialien.  
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Abstract 
 

 

The aim of this dissertation is to gain a deeper understanding on the interface between 

lithium metal and lithium–ion conducting solid electrolytes and to introduce the concept of 

sacrificial interlayers as a method of passivating such interfaces. The applicability of sacrificial 

interlayers is discussed with respect to experimental results. 

The first part of the dissertation comprises the theoretical background of this work and 

discusses the necessity of all–solid–state batteries.  

As the interface between highly reactive lithium and any other adjacent phase is considered 

to be one of the most severe impediments for the realization of all–solid–state batteries, it is 

discussed in the second chapter of this dissertation. Several phenomena occurring at the 

interphase are explained and their influence on the battery properties is pointed out.  

Then a chapter concerning protective layers and protection concepts gives a brief overview 

on various materials and concepts known from literature and discusses the applicability for 

the prevention of electrolyte decomposition. It will be examined to what extend these 

concepts fulfill the requirements for a thermodynamic or kinetic stabilization of the interface 

and what their limitations are. 

Based on the properties of the interface, the thermodynamic and kinetic quantities that cause 

interphase formation are derived. Only if the reasons for a reaction are understood, possible 

methods to prevent this reaction can be suggested and experiments be developed.   

In consequence, a working protective layer may cause lithium plating. Therefore, also this 

phenomenon will be explained briefly.  

Afterwards, the concept of sacrificial interlayers is introduced and its mechanism is explained 

using „LiPON“ as a reference material. „LiPON“ forms a naturally stabilized interface with 

lithium metal. The properties of „LiPON“ that enable a stable interface are discussed. As 

phosphorous nitrides should be able to offer the same benefits, they are discussed as suitable 

interlayers, in particular P3N5, the material that is examined in this work. 
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The experimental section of this work comprises the preparation of thin–films of various 

protective layers by ion–beam sputtering and radio–frequency magnetron sputtering. It also 

contains the fabrication of symmetric Li|LPS|Li transference cells with and without 

interlayer, and full cells of the type NCM:LPS|LPS|P3N5|Li. 

A closer look at the interface between „LiPON“ and lithium metal is provided to learn more 

about the metastable interphase formation of this system. Especially the nature and the 

thickness of the naturally formed interphase are of major importance because any artificial 

interlayer must possess the same quality. Interlayers that are thicker than a natural SEI may 

not be fully converted into an ion conducting SEI. The unreacted film may add additional 

overpotentials to the cell depending on the transport properties of the interlayer. 

Then phosphorous nitride is applied as interlayer. First, the reaction between P3N5 and 

lithium metal and the validity of the concept of sacrificial interlayers is demonstrated by 

means of X–ray photoelectron spectroscopy. Then the effect of a P3N5 interlayer in solid–

state cells is demonstrated via lithium plating/stripping, battery cycling and impedance 

spectroscopy. 

The final part of this dissertation comprises a summary of the obtained results and an 

outlook on further experiments on „LiPON“, phosphorous nitrides, metal nitrides and other 

promising interlayers.  

The appendix comprises a review on the properties of lithium–ion batteries that are required 

to successfully promote electric mobility and an evaluation of aspects that might be improved 

by applying all–solid–state batteries. In addition, the appendix comprises more detailed 

photoelectron spectroscopy results on „LiPON“ and phosphorous nitride.  

  



 

 
XV 

 

Table of Content 
1 INTRODUCTION 1 

2 ANODE INTERFACES & INTERPHASES                                                                                5 

2.1  INTRODUCTION TO INTERFACES 7 

2.2  INTERFACE PHENOMENA 9 

2.2.1 SURFACE ROUGHNESS 10 

2.2.2 LATTICE STRAIN 11 

2.2.3 IMPURITIES 12 

2.2.4 SEI FORMATION 13 

2.3  ARTIFICIAL ANODE|ELECTROLYTE INTERLAYERS IN LITERATURE 21 

2.4     THERMODYNAMIC AND KINETIC ASPECTS OF BATTERIES 27 

2.4.1 FUNDAMENTAL THERMODYNAMIC CONSIDERATIONS 28 

2.4.2 SEI FORMATION 32 

2.4.3  LITHIUM PLATING 35 

2.5  SACRIFICIAL INTERLAYERS 41 

2.6  „LIPON“ SOLID ELECTROLYTE 43 

2.7   PHOSPHOROUS NITRIDE P3N5 47 

3 EXPERIMENTAL SECTION 49 

3.1     SAMPLE PREPARATION 51 

3.1.1 „LIPON“ 51 

3.1.2 PHOSPHOROUS NITRIDE P3N5 53 

3.1.3 ASSB FABRICATION 55 

3.2     CHARACTERIZATION 58 

3.2.1 STRUCTURAL CHARACTERIZATION 58 

3.2.2 XPS 58 

3.2.3 ELECTROCHEMICAL CHARACTERIZATION 60 

3.3  EXPERIMENTAL ISSUES 62 

3.3.1     FLOWER–LIKE STRUCTURES ON „LIPON“ SOLID ELECTROLYTE 63 

3.3.2      DEGRADATION OF THE LPS SOLID ELECTROLYTE 69 

4 RESULTS & DISCUSSION 73 

4.1     SEI FORMATION ON „LIPON“ 75 

4.1.1      GENERAL CHARACTERIZATION OF „LIPON“ 75 

4.1.2      CHEMICAL ANALYSIS 81 

4.1.3      SEI FORMATION AT THE LI|“LIPON“ INTERFACE – IN SITU XPS 82 

4.1.4      ELECTROCHEMICAL PROPERTIES OF THE „LIPON“ SEI 107 

4.2    PHOSPHOROUS NITRIDE P3N5 AS A SACRIFICIAL INTERLAYER 111 

4.2.1      DEPOSITION RATES 111 



 

 
XVI 

 

4.2.2      XPS ANALYSIS 113 

4.2.3      PROTECTIVE EFFECT 120 

4.2.4      ELECTROCHEMICAL BEHAVIOR 122 

5 SUMMARY 141 

6 OUTLOOK 145 

6.1    IN SITU XPS EXPERIMENT 147 

6.2    OPTIMIZATION OF THE P3N5 LAYER 149 

6.3    ALTERNATIVE SACRIFICIAL MATERIALS 152 

6.3.1  ELECTROLYTE THIN–FILMS 152 

6.3.2  METAL NITRIDE LAYERS 153 

6.4    COMBINATION OF INTERLAYERS 156 

7 REFERENCES  157 

8 APPENDIX 179 

APPENDIX A 179 

APPENDIX B 185 

APPENDIX C 199 

APPENDIX D 200 

APPENDIX E 205 

APPENDIX F 208 

APPENDIX G 209  

APPENDIX H 216 

APPENDIX I 217 

APPENDIX J 218 

APPENDIX K 223 

  



1 Introduction 

 
1 

 

1 

Introduction  
 

 

 

t is often claimed that all–solid–state batteries (ASSB) are the future battery 

technology that will enable affordable electric vehicles with large driving ranges 

and a long life time. Any all–solid–battery that will be used in electric vehicles must be able 

to compete with current state–of–the–art batteries. The purpose of this first chapter is to take 

a short look at the significance of battery research, solid electrolytes (SE) and lithium metal 

anodes.  

 

The significance of battery research  

The significance of battery research can easily be understood if one tries to live a day without 

using any portable energy storage. Batteries are included almost everywhere: alarm clocks, 

electric tooth brushes, smartphones, and even vehicles. They can be used in door bells, 

radios, entertainment electronics, hearing aids, laptops, flashlights and many other 

applications. The more applications, the more batteries are needed. There are various battery 

types like lead–acid batteries, nickel–metal hydride (NiMH) batteries, nickel–cadmium 

batteries (NiCd), zinc batteries or lithium–ion batteries, each of which have a different 

application area.  

The most frequently used batteries are lithium–ion batteries. They benefit from their high 

energy density and power density which exceeds those of the other battery types.  

The energy density w describes how much energy can be stored in a battery. The energy 

density is usually referred to as volumetric energy density (unit: Wh/L) or gravimetric energy 

density (Wh/kg). The power density p describes how fast this energy can be released during 

I 
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the discharge process. The energy and power density are usually calculated with respect to 

the active material that stores the energy; values that are suitable for research and lab scale 

processes. For real application, usually the energy and power density are given with respect 

to the entire battery volume and battery weight. As batteries are typically used in applications 

where there is no conventional plugged energy supply, a high energy density and power 

density are required.  

 

Why all–solid–state batteries?  

All–solid–state batteries may not necessarily be required to bring electric vehicles to the 

market (for a detailed discussion of state–of–the–art batteries in electric vehicles the reader 

is kindly referred to Appendix B of this work), but they may play a key role in reducing the 

battery volume and weight and increasing the energy and power density, and simultaneously 

increase the battery safety.   

The energy W (Wh) of a battery is described by the product of the battery voltage U and the 

battery capacity Q. 

W = U ∙ Q       (1) 

The power P is the product of the battery voltage and the current I. 

P = U ∙ I       (2) 

True to the slogan Citius, Altius, Fortius, manufacturers would like to sell smaller, lighter 

devices with elongated lifetime. For that, higher energy densities are required. To achieve 

higher energy or power densities, one has to increase either the battery voltage or the battery 

capacity/peak current.  

Changing the battery voltage is only possible when different electrode materials are used, as 

the voltage depends on the difference of the chemical potential of lithium in both electrodes 

(cf. chapter 2.4). Also the capacity of an electrode depends on the electrode material. Every 

electrode material has a certain lithium uptake that defines its capacity; e.g. carbon can 

(depending on its modification) take up lithium up to LiC6, delivering a capacity of 

372 mAh/g [1]. Once this limit is reached, a further increase of the capacity is not possible 
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without destroying the structure. Whereas engineering can be done to reach the 

physicochemical limit, higher capacities require different electrode materials.   

One way to increase the power of a battery is the application of high–voltage cathode 

materials. The most common electrode material, lithium cobalt oxide LiCoO2, has a capacity 

of 140 mAh/g and can be charged to voltages of up to 4.2 V vs. Li+/Li [2].  

By applying other cathode materials like lithium nickel manganese oxide LiNi0.5Mn1.5O4 

(LNMO) or lithium cobalt phosphate LiCoPO4 the battery voltage may be increased up to 

5 V [3]–[7]. Unfortunately, conventional liquid electrolytes (a conductive lithium salt like 

LiPF6 or LiClO4 dissolved in an organic solvent like ethylene carbonate [8]) are unstable 

against these high potentials and decompose. In addition, liquid electrolytes are inflammable 

and, in case of an accident or a defective device, can pose a huge safety risk. To overcome the 

stability and safety issues, liquid electrolytes might be replaced by solid electrolytes. Many 

solid electrolytes are oxide materials and cannot be ignited and many of them are stable 

against potentials above 4.2 V vs. Li+/Li [9], [10]. In terms of ionic conductivity, the best solid 

electrolytes are thiophosphates [11]. However, their safety is yet not proven. 

 

Why the lithium metal anode?  

Solid electrolytes may increase the safety of a battery, especially in combination with high–

voltage cathode materials, but they will decrease the gravimetric energy and power density of 

a battery. Typical solid electrolytes form a rigid metal–oxide framework in which lithium ions 

are mobile. This framework contains heavy transition metal ions. They will increase the mass 

of the electrolyte.  

Lithium metal as anode material can increase the energy density. Not only has lithium metal 

the lowest standard electrochemical potential (–3.04 V vs. standard hydrogen electrode, 

SHE), which further increases the battery voltage; it also has the highest gravimetric energy 

density (3860 mAh/g) of all electrode materials, increasing the energy density of the anode 

by a factor of 10, and a volumetric energy density of 2100 mAh/cm³ [12]. By applying lithium 

metal, the energy density of a battery might be enhanced drastically, making ASSBs 

competitive to state–of–the–art lithium–ion batteries.   
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Major aim of this thesis 

It is general knowledge that alkaline metals are highly reactive and lithium is no exception to 

that rule. No matter whether in batteries with liquid or solid electrolytes, lithium tends to 

react with the electrolyte and the interface between the lithium–metal electrode and the 

electrolyte is changed. In addition, similar reactions can occur on the cathode side of the 

battery. Whereas in batteries with liquid electrolyte, usually a stabilizing solid electrolyte 

interface (SEI) is formed, in batteries with solid electrolytes, a reaction with lithium can lead 

to the decomposition of the entire electrolyte. This problem necessitates the characterization 

of battery interfaces and the modification of such interfaces. Only well–known, stable 

interfaces will lead to reliable performances of ASSBs. It is the aim of this thesis to examine 

the interface between lithium metal and “LiPON” solid electrolyte and to derive guidelines 

for the creation of artificial interlayers and to apply these guidelines on artificial interlayers 

based on phosphorous nitride P3N5.  
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2 

 Anode Interfaces & 
Interphases 

 

 

 

he following chapter provides an insight on interfaces and interphases in 

lithium metal batteries. At first, the most common interfacial phenomena (e.g. 

surface roughness, lattice strain and lattice impurities) are briefly described. The focus is set 

on the thermodynamic aspect of interface formation. The stabilization of the 

anode|electrolyte interface will then allow the use of a plentitude of material combinations 

and processes. Therefore, this chapter includes a literature review of the two most prominent 

concepts for the interface modification in lithium–metal batteries: The application of a stable 

electrolyte layer between lithium and an unstable electrolyte, and the formation of lithium 

alloys. For a successful passivation of the interface, it is necessary to understand the 

thermodynamic driving force for the decomposition. For that reason, the basic 

thermodynamic quantities and relations are discussed in this chapter, and guidelines for a 

stabilization of the anode|electrolyte contact are derived.  

This chapter introduces the concept that is examined in this work: The application of 

sacrificial interlayers. The concept is derived from „LiPON“, a commercially employed thin–

film solid electrolyte that forms a passivating interlayer in contact with lithium metal. After 

providing a brief summary of the properties of „LiPON“, the material characteristics of 

phosphorous pentanitride P3N5 are described. In this work, P3N5 is used to mimic the 

intrinsic stabilization behavior of „LiPON“.  

T 



2 Anode Interfaces & Interphases 

 
6 

 

 

 

 

  



2 Anode Interfaces & Interphases 

 
7 

 

2.1  Introduction to interfaces 
 

 

 

ny scientist who tries to determine the influence of an interface on the 

properties of a system will support the statement that an ideal interface does 

not exist. An ideal interface is electrochemically stable, clean, free from defects, perfectly flat 

and homogeneous. In a battery, it does not inhibit the flux of charge carriers and therefore 

should not be detected electrochemically. When faced with mechanical issues, whether they 

be caused by thermal or mechanical stress, the ideal interface does not influence the 

properties of a system. There are no voids between two phases and no impurities 

incorporated. Only the bulk properties should determine the performance of a system. With 

such specific standards, it is no wonder an ideal interface has yet to come into existence. 

When attempts are made to examine systems consisting of various parts, e.g. batteries with 

their electrodes and the electrolyte in between, the interface poses problems. There are 

multiple phenomena, intrinsically and extrinsically, that bring about these imperfections and 

make creating an interface that does not to some extent influence the properties of a system, 

seem nearly impossible. Some of these phenomena are discussed below. 

Constructing a well–defined interface is a challenging aspect of scientific research because it 

needs to fulfill a series of requirements that can be difficult to balance. An ideal interface 

should:  

 Be thermodynamically and kinetically stable 

 Be free from resistive impurities 

 Have a precisely defined morphology 

 Be homogenous 

In the case of batteries and especially between the anode and the electrolyte it should also  

 Prevent dendrite formation 

 Have a negligible charge transfer resistance (if any) 

A 
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A researcher’s task is to understand all the effects of phenomena that could potentially have 

a negative impact on the ideal properties and to find strategies how to minimize them.  

Depending on the origin and consequences, interfacial phenomena can be divided into 

several groups.  

By their dimension: 

 Two–dimensional or three–dimensional  

By their origin:  

 Chemical incompatibility [13], [14] 

 Fabrication  

 Application 

By their impact: 

 (Thermo–)Mechanical  

 Thermodynamic [14] 

 Kinetic [15] 

 Electro–chemo–mechanical (e.g. volume change during battery cycling) [16] 

An interface can be described as a two–dimensional defect because at the surface, the 

continuous phase is interrupted and suddenly atoms find themselves without binding 

partners. Therefore, the reactivity at a surface will differ from the bulk reactivity. Most 

interfaces were once surfaces until they were brought in contact with a second phase and 

became “buried surfaces“. By bringing two surfaces in contact with one other, a few problems 

can occur.  

Some of these problems are governed by the battery chemistry, while others are due to the 

fabrication and handling of the systems. It is the aim of this thesis to propose a strategy to 

overcome interfacial instability in batteries caused by chemical incompatibility, followed by 

a chapter discussing experimental issues caused by the handling of the systems.  
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2.2  Interface phenomena 
 

 

 

ome of the most important interfacial phenomena are depicted in Figure 1. 

Each can cause significant problems during battery cycling. Since this thesis 

deals with the protection of the interface and the prevention of reactions, only these 

phenomena will be discussed in detail. However, for the evaluation of model systems it is 

necessary to know about mechanical problems as well as effects that occur upon battery 

cycling. These phenomena will be briefly introduced.   

 

S 

Figure 1: Frequent interfacial phenomena occurring in batteries. 
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2.2.1 Surface Roughness 
 

Two cases of surface roughness need to be distinguished when two phases are brought in 

contact with one another:  

i) A rough surface can be in contact with a flat surface. (cf. Figure 1).  

ii) A rough surface can be in contact with a rough surface. 

Rough surfaces add complications in predicting the behavior of a material. Many phenomena 

depend on the microscopic surface area of a material, which can deviate strongly from the 

macroscopic surface of e.g. a pellet. Bringing rough surfaces in contact with each other can 

also inhibit the transport properties across the interface. Charge carriers can only cross the 

interface in regions where both phases are in direct contact with each other (constriction 

resistance). If there are voids, charge carriers cannot cross the interface.  

Rough surfaces can also be problematic when thin layers are supposed to be deposited on 

top. Only a few thin–film deposition methods (e.g. Atomic Layer Deposition, ALD) are 

conformal and will cover the entire surface. Other methods, such as sputtering, are 

directional and parts of the surface can be shielded during deposition if the surface roughness 

is too high. This results in a non–conformal layer. An effect related to the inhomogeneous 

surface of a material that occurs during battery cycling is the formation of voids. During the 

discharge of a battery, lithium is transferred from the anode side to the cathode side, with 

lithium–ions migrating through a solid electrolyte and electrons through an external circuit, 

and lithium is directly removed from the anode|electrolyte interface leading to a 

morphologically instable interface. If the ductile lithium metal is not pressed against the 

electrolyte by application of an external force, voids can be formed that hinder subsequent 

transport of lithium. These void formations can lead to mechanical stress, non–uniform 

lithium deposition in a subsequent charging step, and higher current densities due to the 

current focusing [17].   
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2.2.2 Lattice strain  
 

When two phases are brought in intimate contact with one another, they can form one out 

of three different interfaces: a coherent interface, a semi–coherent interface or an incoherent 

interface (Figure 2).  

At a coherent interface, every atom of phase 1 shares a bond with an atom of phase 2. If the 

atoms have different atomic radii, the atoms will be displaced from their equilibrium 

position. The phase with a larger lattice constant will experience a contraction of the lattice 

constant at the interface whereas the phase with the smaller lattice constant will experience 

an expansion of the lattice constant at the interface. This displacement from the equilibrium 

position causes mechanical stress in the lattice. The bigger the difference of the radii, the 

bigger the stress. To release this stress, a semi–coherent interface can be formed. In a semi–

coherent interface not every atom from one phase shares an atomic bond with an atom from 

the other phase (cf. dislocation in solid state physics). At the third type, the incoherent 

interface, there are no bonds between atoms of phase 1 and atoms of phase 2. 

Figure 2: a) Coherent interface, b) semi–coherent interface, c) incoherent interface (redrawn 
from [18]. 

 

Usually, the bulk properties of the material are not significantly influenced by lattice strain. 

However, lattice strain can have an influence, e.g. on the transport properties in the phase. 

This is especially the case in systems where the ratio between the surface area and the bulk 

volume of a material is relatively high. 
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Thin–films can be used to examine phenomena caused by lattice–strain because depending 

on the thickness of the films, most of the film can be seen as an interface and the distortion 

of the lattice parameters can be in the range of the film thickness. Especially in the case of 

ion conductors, thin films are used to examine the influence of lattice parameters on 

transport processes across the interface [19], [20].   

In battery systems, lattice mismatch usually causes negative effects because at the interface 

where the lattice parameters are changing, the transport properties will also be affected. 

Crossing the interface usually costs the Li ion more energy than moving through a phase, 

and the interface forms a “bottleneck”, a limiting factor for the charge flux. When the current 

across the interface is high, this limitation can cause severe issues, e.g. unwanted lithium 

plating on the active electrode materials (see chapter 2.3). Lattice strain can also be caused 

by battery cycling. Most of the electrode materials are layered intercalation materials, which 

have a layered metal oxide framework. Lithium can be (de–)intercalated into these layers. 

Changing the amount of lithium in these layers causes an expansion or contraction of the 

lattice. Due to this change of the lattice, subsequent charging and discharging of the battery 

can cause lattice strain and contact loss between the electrode and the electrolyte. It can also 

result in the collapse of the electrode structure [21]. It is possible to create an intimate 

interface with various thin–film techniques like evaporation, sputtering, and ALD; but even 

an intimate contact can cause problems when both adjacent phases have different lattices 

constants. 

 

2.2.3 Impurities 
 

Impurities cause unpredictability in terms of how they influence any given system. They first 

need to be distinguished from doping or substitution of materials. Doping of materials and 

substitution describe the intentional inclusion of atoms or molecules in order to influence 

the properties of a phase. The difference between these terms lies in the concentration of the 

introduced atoms or ions. Doping is used to describe the incorporation of very small 

numbers of atoms (e.g. in semiconductor physics) whereas substitution describes the 

replacement of large fractions of ions. Impurities are not intentionally introduced and can 

influence the properties in many ways. In this particular case the term “impurities” describes 
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every species or phase that is present in the battery but is not responsible for its desired 

function. At the interface, even small amounts (i.e very thin layers) of impurities are enough 

to alter the properties (cf. chapter 3.3.2). Impurities can have various different origins. They 

can originate from material synthesis, handling or chemical incompatibility.   

The way in which interfacial properties can be influenced by impurities can be a bit abstract, 

but it basically governs all other phenomena shown in Figure 1. Impurities will not so much 

influence the lattice parameters but will cause a disturbance of the lattice as the phases have 

to rearrange around the impurities. Impurities can be crystallites of the same material with a 

different crystal structure (cf. chapter 3.3.1), foreign materials (e.g. carbonates [22]) or very 

thin oxide–layers on top of a metal surface. They can be responsible for lattice mismatch, 

voids at the interface and a disordering of adjacent phases; and therefore influence the 

mechanical properties of a material (e.g. hardening of steel [18]). At the interface they can be 

even more troublesome, for they can worsen the transport properties across the interface and 

cause chemical instability. Impurities at the interface can block the transport of charge 

carriers, when they do not have good conductivity for the respective species. If impurities 

partially block the interface (which can already be caused by a partial coverage with an oxide 

layer), the actual local current density during operation can be much higher than expected 

as charge carriers can only pass a fraction of the interface. Higher current densities can 

damage the interface and lead to battery failure. A more detailed look at the respective 

phenomena is given in chapter 2.4. Impurities can also induce reactions at the interface, 

either with themselves or by catalyzing reactions between the two different phases.  

 

2.2.4 SEI formation  
 

SEI formation occurs in systems with liquid electrolytes as well as in systems with solid 

electrolytes. In both systems, the formation of reaction layers can have a strong influence on 

the properties of the interface, especially in batteries, where the crossing of the interface is a 

process that must be carried out. However, although the same phenomenon occurs in both 

systems, there are a few very important differences that in consequence strongly influence 

the battery performance. 
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i) SEI formation in systems with liquid electrolytes  

First findings of the SEI were reported in the late 1970s [23]. The SEI is an interphase that 

forms on the lithium metal anode in contact with liquid electrolytes at potentials below 1.0 V 

vs. Li+/Li. Liquid electrolytes which consist of one or more organic solvents and a lithium–

containing conducting additive decompose in contact with lithium and form an interlayer 

with a typical thickness of around 20 nm [24]–[27]. Although this phenomenon has been 

known for many years, it is not fully understood and questions regarding the formation, 

composition and properties of this interphase have yet to be answered. Though there is much 

to learn, it is known that the composition of the electrolyte solution influences the formation 

and composition of the SEI and therefore the properties of the battery [28]. 

There are several mechanisms to describe the formation of the SEI between lithium metal 

and a liquid electrolyte [23], [29]. Over time, they have become more and more detailed. 

These models all involve the reaction of lithium with at least one of the components in the 

electrolyte solution and the formation of a solid layer on the lithium anode.   

The main components of the SEI are lithium compounds like Li2S, LiOH, LiF, and Li2O3, 

and organic species like ROLi, RCOOLi and various others (R = alcyl group), depending on 

the applied liquid electrolyte [30], [31]. The lithium species are usually located on the inner 

surface of the SEI (close to the lithium anode) whereas the organic species can be found on 

the outer surface (close to the electrolyte) [32]–[34]. Determining the exact properties of the 

SEI is rather difficult as the composition and thickness vary largely; so only average 

parameters are determined from observations [35]. 

In combination with liquid electrolytes, the SEI formation is advantageous because it enables 

a stable cycling behavior by passivating the anode surface and therefore preventing further 

decomposition of the electrolyte. In batteries with graphite anodes, during the first charge of 

the battery, the electrolyte is reduced at the graphite surface by forming an SEI, which 

prevents further decomposition [36]. Other parasitic reactions such as co–intercalation and 

exfoliation of graphite layers can also effectively be suppressed [37].  

However, if the SEI is not a dense layer, dendrite formation and decomposition of the 

electrolyte can still occur. In systems where a large volume change of the electrode occurs 
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during charging and discharging, the SEI can burst, which may lead to further decomposition 

along the cracks.  

The composition and morphology of the SEI in batteries with liquid electrolyte strongly 

depends on the composition of the electrolyte solution. Different conductive salts, solvents 

and additive combinations significantly influence the reaction products and thus the 

composition of the SEI. It can govern the formation of dense, solid, porous or spongy 

interlayers, and influence the ionic and electronic conductivities of the SEI. A detailed 

description of the SEI composition and morphology is given in literature [38], [39].  

Usually, the formation of an SEI can be used to stabilize the cycling behavior of a lithium–

ion battery. However, the SEI formation is a parasitic process that includes more than just 

the desired reaction products of the electrolyte additives. If phenomena like inhomogeneous 

lithium plating or dendrite formation occur and a fresh lithium surface is exposed to the 

liquid electrolyte, an interface layer forms again, consuming active material and lowering the 

cell performance. Other undesired components can become a part of the SEI as well, such 

as when interactions between the cathode material and the anode material cause SEI growth 

with unfavorable properties. During cycling, transition metal ions like manganese on the 

cathode side are reduced and become soluble in the electrolyte, especially when the 

electrolyte contains HF [40]. When they are transported to the anode side, these ions can be 

incorporated into the SEI [41]. This behavior influences the cell performance as well as the 

role of the SEI on the anode side. A more prominent example of such “parasitic” SEI 

components is the polysulfide shuttle in lithium–sulfur batteries. During discharge of the 

battery, the sulfur on the cathode side will be reduced from S8 to form Li2S. This reaction 

occurs in two steps, which form intermediate products Li2Sn (4 < n < 8). These polysulfide 

species are soluble in the electrolyte and can be transported to the anode side, where they 

can form an SEI layer. The reaction not only consumes active cathode material but also leads 

to capacity fading and short cycle life [42], [43]. A more detailed insight on the shuttle–effect 

of lithium–sulfur batteries is given in literature [44].  

SEI formation in batteries with liquid electrolytes can be used to tailor the cell properties if 

suitable electrolyte additives are used and parasitic reactions with the cathode side are 

prohibited (e.g. [45]). The mechanisms of SEI formation in solid electrolytes differ from those 

in liquid systems.  
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ii) SEI formation in systems with solid electrolytes 

In contrast to batteries with liquid electrolytes, where the SEI is needed to enable a stable 

cycling behavior, in batteries with solid electrolytes the SEI it is often problematic. Wenzel 

et al. have shown that there are three different types of interfaces between lithium metal and 

solid electrolytes: stable interfaces, unstable interfaces and metastable interfaces [46]. Which 

type of interface exists between electrolyte and electrode, depends on the nature of these two 

phases. When there is a thermodynamically stable two–dimensional interface, the electrolyte 

does not react in contact with the anode material. It must be noted that because of the high 

reactivity of lithium, this case only occurs on very rare occasions (e.g. the binary lithium 

compounds [47]). Most materials form either a metastable or an unstable interface.  

Figure 3: Formation and properties of the SE in batteries with liquid electrolyte (exemplary  
                LiPF6 in EC). The SEI can grow in both directions as lithium ions, counter ions  
                and solvent molecules are mobile in the liquid electrolyte. The SEI forms a stable  
                layer that blocks the motion of electrons and solvents. The SEI often is a porous  
                layer and parts of it can break off and float in the electrolyte. If cracks appear due  
                to heavy changes of the lattice parameter of the anode during cycling or due to  
                dissolution of lithium metal, anode and electrolyte can further react to close the  
                gaps. 
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The second type of interface is the mixed conducting interface (MCI) or mixed ionically and 

electronically conducting interface (MIEC). At this interface, a reaction between lithium and 

the electrolyte takes place, leading to a mixed–conducting phase, as the reaction products 

conduct electrons as well as ions. This is especially the case when transition metals are 

involved, which upon reduction to neutral metal atoms form a percolating network for 

electrons (e.g. in LGPS [50]). This can also occur at the cathode side of an all–solid–state 

battery, where carbon is added as an electron–conducting additive that also promotes the 

decomposition of the electrolyte [12]. If both conductivities are in the same order of 

magnitude, the reaction can spread out over the entire electrolyte given enough lithium is 

provided. In this case a two–dimensional interface becomes a three–dimensional interphase 

and the interphase formation can lead to short–circuiting of the cell [48]. 

The third type of interface is the meta–stable interface. It also forms a three–dimensional 

interphase. Similar to an MCI, there is an initial reaction between the two adjacent phases, 

e.g. lithium and the electrolyte. The difference is that the reaction products only conduct 

one charged species. In the case of a lithium battery, the interface is ionically conducting but 

does not conduct electrons. For a redox reaction both charge carriers are necessary, if the 

reaction is to continue. The meta–stable interface results in the formation of a stable SEI. 

The formation of an SEI as well as an MCI has a thermodynamic driving force. The 

difference is the electronic conductivity, which limits the interfacial reaction. Studies on the 

interfaces between lithium metal and solid electrolytes are quite rare, particularly studies on 

the thermodynamic and kinetic stability of electrolytes in contact with lithium metal. The 

studies that do exist report the phenomenological stability or instability of electrolytes but 

only few give reasonable explanations based on fundamental thermodynamics.   

Zhu et al. have made First Principles Calculations on the thermodynamic stability of solid 

electrolytes in contact with electrode materials [47], [49]. Their purpose was to explain the 

stability of electrolytes like „LiPON“, which had been mentioned in a previous publication 

by Schwöbel et al. [50]. In contact with lithium metal this electrolyte decomposes by forming 

Li3N, Li3P and Li2O in varying amounts depending on the stoichiometry of the electrolyte. 

The decomposition happens because the anode potential is not within the thermodynamic 

stability window of the electrolyte. The stability window is often explained as the difference 

between the highest unoccupied molecular orbital (HOMO; or valence band edge, from a 
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semiconductor physicist’s point of view) and the lowest unoccupied molecular orbital 

(LUMO; conduction band edge) of the electrolyte from which an electron can be extracted 

or into which an electron can be inserted [9]. However, this model neglects that fact that for 

the electrolyte reduction not only electrons need to be transferred to the interface between 

lithium and the electrolyte but also Li+ ions are needed. So even if the stability window is not 

big enough, a reaction does not necessarily have to take place.  

Bron et al. have examined the conduction behavior of different sulfide superionic conductors 

in contact with Li by using impedance spectroscopy [35]. They brought the sulfur–based solid 

electrolytes Li10Si0.3Sn0.7P2S12 (LSnPS), Li10GeP2S12 (LGPS), Li10SiP2S12 (LSiPS), and 

95 (0.8 Li2S · 0.2 P2S5) 5 LiI (LPSI) in contact with a lithium metal foil and performed time 

dependent impedance measurements. Their experiments showed that three out of four 

electrolytes were unstable in contact with lithium metal and formed a mixed conducting 

interphase (MCI). Only the LPSI electrolyte did not show a significant change of the 

impedance over time. They suggested that this happened due to the formation of a stable 

SEI. The SEI was ionically conducting but electronically insulating. Thus, the decomposition 

reaction was self–limiting.  

According to the considerations of [47], [49] and the experimental results of [51] and [52], 

LSnPS, LGPS and LSiPS contain transition metal ions that will be reduced to their metallic 

state and induce an electronic conductivity. In contrast to these materials, LPSI does not 

contain transition metal ions. By reacting with lithium metal, binary lithium compounds like 

Li2S, Li3P and LiI will most likely be formed. These binary compounds often have a negligible 

electronic conductivity [53] and thus prevent the electrolyte from further decomposition. As 

they often also have a low ionic conductivity, they will cause an increase of the interfacial 

resistance if the interphase reaches a critical thickness. Determining the thickness of an SEI 

or MCI is challenging, as the surface is buried beneath the electrode. The thickness also 

depends on the reaction time, the lithium diffusion coefficient and the amount of lithium 

in the system. If the reaction time is long enough and enough lithium is present in the system, 

the whole electrolyte might decompose. Wenzel et al. determined the thickness of their 

interphases to be between 2 nm and 20 nm, whereas Bron et al. obtained values of a few 

micrometers [35]. But as they only estimated a value of the permittivity εr, their results can 

be inaccurate. Regardless, an MCI will be thicker than an SEI as the growth mechanism of 

the MCI is not self–limiting. To obtain a stable interface for an unstable electrolyte, the 
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interface must be tailored in a fashion that only ionically conducting species are present, 

which do not decompose when in contact with lithium.   

 

 

 

 

 

 

 

 

 

 

 

iii) Comparison of the SEI formation with solid and liquid electrolyte 

Figure 3  & 4 show the schematic interphase formation in batteries with liquid and with 

solid electrolytes. They depict the case of lithium metal anodes, but the considerations are 

valid for batteries with other anode materials as well. 

The biggest difference in the interphase formation between systems with liquid or solid 

electrolyte is the growth direction of the interphase. The SEI formation in systems with liquid 

electrolytes is schematically depicted in Figure 3. LiPF6 in ethylene carbonate (EC) is chosen 

as the electrolyte. Typical transference numbers of lithium ions in liquid electrolyte are < 1 

because in liquid systems, anions, cations and the electrolyte molecules are mobile. Each of 

these species getting in contact with the lithium|electrolyte interface can contribute to the 

SEI formation, which can occur at the lithium|SEI interface as well as at the SEI|electrolyte 

interface. The SEI can grow into the electrolyte as well as into the lithium anode. Due to an 

unspecified decomposition of electrolyte compounds, the SEI has a complex and often 

porous structure. If cracks appear due to severe changes of lattice parameters of the anode 

Figure 4: In a solid–state battery, only lithium ions are mobile in the electrolyte. Oxygen  
                anions and other cations are bound in the rigid electrolyte framework. Thus, the  
                SEI can only grow from the anode side into the electrolyte. Depending on the  
                transference number of electrons in the newly formed SEI, the growth might  
                proceed through the electrolyte or stop after forming an insulating layer.  
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material during charging/discharging, further decomposition of the electrolyte and a 

reformation of the SEI can occur. Furthermore, parts of the SEI might break off and become 

mobile in the electrolyte. Many detailed studies of the interface formation, based on 

experimental results as well as theoretical calculations, are given in the literature [54]–[57]. 

Figure 4 shows the SEI formation in a system with a solid electrolyte. In systems with solid 

electrolytes, only lithium ions are mobile with a transference number close to unity. All the 

counter ions are bound in a rigid framework. The slight deviations from 𝑡Li+  = 1 origin from 

electronic partial conductivity and due to defect formation and migration in the solid 

electrolyte on a short range. The growth direction of the SEI is determined by the direction 

of migration of the lithium ions, as the mobility of the other ions can be neglected at typical 

operation temperatures of batteries [58]. Most often, the SEI is formed at the lithium surface 

and grows into the electrolyte, depicted by the color shading of the electrolyte particles in 

Figure 4. Even if reaction products in solid–state batteries did not induce a partial electronic 

conductivity in the cell, the instability of the electrolytes against lithium metal remained a 

problem: Reaction products in all–solid–state batteries are fixed locally at the interface 

between lithium and the electrolyte and cannot be removed. Even small amounts of these 

products can have a large influence on the transport properties of the cell if the conductivity 

of the interphase differs significantly from the conductivity of the electrolyte. The prevention 

of the aforementioned interface phenomena, especially SEI formation, is very important for 

the construction of reliable ASSBs. One way to influence the properties of an interface in 

batteries is the application of an additional interlayer. The following chapter summarizes 

various attempts to modify the interface, which are known from literature.  
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2.3  Artificial anode|electrolyte 
interlayers in literature 

 

 

 

he modification of battery interfaces has been a notable challenge for battery 

research since the earliest findings of the SEI formation and dendrite growth. 

Different approaches on how to protect the lithium metal anode in batteries with liquid 

electrolyte have been examined [45], [59]–[71]. These concepts can generally be divided into 

three different ideas:  

 The use of electrolyte additives; 

 The ex–situ modification / pretreatment of lithium metal with gases or electrolyte 

solutions, and 

 The introduction of a polymer / solid electrolyte protective layer on lithium metal.  

The research on the combination of lithium metal and a solid electrolyte, however, is still in 

its infancy. Though few publications on the topic exist at present, an increase in research 

interest can be expected since many scientists believe that all–solid–state batteries are the 

future of lithium batteries. There are several patents concerning protective layers in all–solid–

state batteries with lithium metal anode but only recent scientific findings give a possible 

explanation on their mode of operation.   

The ideas behind these patents and publications can roughly be divided into two main 

strategies: 

i) The application of a stable electrolyte layer between lithium and an unstable 

electrolyte. 

ii) The formation of lithium alloys. 

In the following these concepts are explained and discussed. 

 

T  
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i) Stable electrolyte as interlayer 

The most straightforward way to improve the properties of a phase is to incorporate a second 

phase that offers the required beneficial properties. Depending on the properties to be 

enhanced, this approach can include a wide variety of materials. The formation of dendrites 

can be suppressed by combining a polymer electrolyte with high ionic conductivity with a 

glassy electrolyte or ceramic electrolyte, which has lower a conductivity than the polymer 

electrolyte but provides the mechanical stiffness that is required [72]–[75].  

One example of how to achieve a thermodynamically stable interface is the application of a 

thin „LiPON“ layer between the lithium electrode and the electrolyte. West et al. proposed 

this method in 2004, and it has since been applied for different systems [76]. West and his 

co–workers used Ohara glass–ceramic, a patented solid electrolyte, which consists of Li2O–

Al2O3–SiO2–P2O5–TiO2–GeO2 with a NASICON (Sodium Super Ionic Conductor)–type 

crystalline structure. The glass–ceramic electrolyte reacts with lithium metal and cannot be 

used in batteries with a lithium metal anode because under reaction an electronic 

conductivity is induced. West et al. applied a 1 µm thick layer of „LiPON“ with the 

approximate stoichiometry of Li3.3PO3.8N0.22 and it successfully prevented the Ohara 

electrolyte from decomposing. Although the conductivity of the „LiPON“ was only in the 

range of 10–6 S cm–1, the conductivity of the bilayer composite was still around 1·10–4 S cm–1 

and not lastingly decreased by the „LiPON“ layer.  

A patent from PolyPlus Company covers the same idea but includes several glassy materials 

such as 6LiI–Li3PO4–P2S5, B2O3–Li2CO3–Li3PO4, LiI–Li2O–SiO2 [77].  

While recent findings showed that some of these materials are unstable when in contact with 

lithium metal (e.g. „LiPON“), they can still be used as protective layers. They can be utilized 

if they form a stable interface when in contact with lithium and the reaction is self–limiting. 

This is amplified in the case of „LiPON“ and electrolytes in the Li2S–P2S5 system [50], [76]. 

There have also been attempts to create a pure lithium nitride layer on the lithium metal 

electrode [80], [81]. The creation of Li3N is supposed to have the same passivating effect as 

the reaction between lithium and „LiPON“. However, it has only been applied in batteries 

with liquid electrolyte and Li7La3Zr2O12 (LLZO) [82]. The Li3N layer stabilizes the cycling 

behavior by protecting the lithium metal from reacting with the liquid electrolyte and 
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forming an SEI. In contrast to the „LiPON“ decomposition products, pure Li3N has a higher 

ionic conductivity [83]. Applying this method to an ASSB could be challenging because the 

lithium needs to be nitrided before bringing it in contact with the electrolyte. An intimate 

contact between the metal and the electrolyte needs to be ensured, and the high pressure 

that is needed to achieve this intimate contact may cause the Li3N layer to break due to 

mechanical deformation of the lithium foil. In batteries with liquid electrolyte, the 

morphology is not important for the nitridation.  

Zhu et al. performed density functional theory (DFT) calculations and examined the stability 

of various nitride, sulfide, oxide and fluoride materials that are either used as electrolyte of 

coating material for the lithium anode [84]. They discovered that nitride compounds have 

lower reduction potentials vs. lithium metal than the respective oxides, sulfides and fluorides. 

Some of these materials even had negative reduction potentials (e.g. AlN: – 0.0004 V vs. 

Li+/Li, and Li3AlN2: –0.32 V) and may be intrinsically stable in contact with lithium metal. 

Reinacher et al. also showed that garnet type electrolytes can be used to protect instable 

electrolytes in contact with lithium metal [85]. They deposited a 200 nm thick layer of 

Li6BaLa2Ta2O12 (LBLTO) on top of an Ohara glass–ceramic sheet by Pulsed Laser Deposition 

(PLD) and covered the sheet with lithium metal for 12 hours. After removing the lithium, 

the Ohara was clearly visibly degraded, as it had turned black, yet the parts that were covered 

by LBLTO showed no sign of degradation. Typically, the applied interlayers have a lower 

conductivity than the actual electrolyte in the cell. Even a conductivity in the range of  

10–6 S cm–1 or lower is tolerable, if the protective layer is very thin (in the range of a few 

nanometer). If the transport is blocked by a thicker interlayer, however, lithium plating may 

occur and destroy the battery (cf. chapter 2.4.3). 

 

ii) The formation of lithium alloys 

Several research groups reported the application of a metal layer between lithium metal and 

the solid electrolyte to be a feasible method to stabilize the interphase. The basic idea is to 

use these interlayers to solve a few problems that occur at the interphase: High interfacial 

resistances, high differences in the chemical potential, and decomposition reactions in 

contact with lithium metal. The formation of a lithium/metal alloy might passivate the 
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lithium|electrolyte interface because it has a lower chemical potential than lithium metal 

and leads to a thermodynamic stabilization of the interface. The creation of a lithium/metal 

or lithium/oxide compound may result in the formation of a solid lithium–ion conducting 

phase that itself is stable against lithium [84], [86]. However, this concept is not valid for 

every kind of alloy and depends on the composition of the alloys.  

Two different types of alloys have to be distinguished: The formation of a homogeneous alloy 

(solid solution) and the formation of two–phase systems.   

In a solid solution, two metals are completely soluble in each other and form one single 

crystalline phase with a homogenous composition. Elements that form solid solutions have 

the same crystal structure, similar atomic radii, and the difference in their electronegativity 

is small. Due to the excellent solubility, the lattice parameter a of a solid solution consisting 

of the metals A and B can be estimated by Vegard’s law 

aA(1—x)Bx
=(1—x) aA+x aB,     (3) 

with x being the molar fraction of element B in the solid solution. It can be linearly 

extrapolated from the lattice constants of the two involved elements.  

 In two–phase alloys, two metals can also form mixed crystals but not with any composition. 

The solubility of B in A can be limited by the difference between the atomic radii or different 

crystal structures. Instead of a single phase with homogeneous composition, two different 

phases with distinct compositions are formed, whose ratio depends on the fraction of B in 

A. Only one of these two different types of alloys can have a protective effect on the 

lithium|electrolyte interface. 

A solid solution containing lithium metal in contact with a lithium metal anode will have 

the same chemical potential as the pure lithium metal. The reactivity between lithium and 

the electrolyte will remain unchanged. An alloy like that cannot protect the electrolyte from 

decomposition.  

However, a two–phase alloy can be used as protective layer. In such an alloy the chemical 

potential of lithium is different from the potential of pure lithium metal. This reduces the 

thermodynamic driving force for the electrolyte reduction. This concept is already widely 

applied in battery research. One common material for the anode side that forms a two–phase 

alloy with lithium metal is indium [87]–[89]. Usually a layered electrode consisting of an 
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indium foil on top of the electrolyte and a lithium foil on top indium is used for battery 

cycling. By applying a layer of indium the battery voltage is reduced by roughly 0.6 V but the 

chemical stability and cycling stability increases.  

A study of the phase formation and redox potentials of the indium–lithium electrode has 

been carried out by Santhosha et al. [90]. It provides a deeper understanding on how the 

reduction of the electrolyte decomposition by using indium foil is achieved.   

Santhosha et al. performed a coulometric titration of indium by lithium in three–electrode 

cells using a liquid electrolyte (1 M lithium bis (trifluoromethanesulfonyl)imide (LiTFSI) in 

a 1:1 mixture of dioxolane (DOL) and dimethoxyethane (DME)). They applied several 

current pulses (1 h, ≈  280 µA cm—2) followed by a 0.5 h rest period during which they 

recorded the OCV. The change of the OCV and the amount of inserted lithium was 

compared to the In–Li phase diagram. They monitored three plateaus in the OCV curve, 

that could be attributed to different two  phase regions of In + InLi, InLi + In4Li5, and In4Li5 

+ In2Li3. An additional slope of the OCV was attributed to a small one phase region 

consisting of InLi.   

The In + InLi region, which is present at lithium contents from nearly 0 at% up to 47 at% 

lithium has an OCV of 0.62 V vs. Li+/Li, the OCV of the other two phase regions decreases 

with increasing lithium content and ultimately the OCV reaches a value of almost 0 V vs. 

Li+/Li. A reduction of the thermodynamic driving force for the reaction can therefore only 

be achieved in InLi electrodes with a lithium content of less than 47 at%.   

From lithium insertion/deinsertion experiments with symmetric solid state cells using β–

Li3PS4 solid electrolyte and indium and lithium foil on either side of the electrolyte, 

Santhosha et al. learned that the atomic ratio of In and Li is a crucial aspect for the long–

term electrolyte stability. Using an InLi anode with an In:Li atomic ratio of  1.26:1 

(corresponding to 44 at% Li), they could perform these experiments for more than 200 hours 

without seeing a significant rise of the total areal resistance of the cell.   

Using an anode with an In:Li atomic ratio of  0.36:1, the total areal resistance increased to 

200 Ω cm² in less than two days. During the lithium insertion/deinsertion experiments, the 

lithium and indium foil formed alloys. In the first case, the lithium content of the alloy was 

still in the range of the In–InLi plateau region of the In–Li phase diagram. In the second 

case, the lithium content was in the InLi2–InLi3 region of the phase diagram. In this region 

the redox potential may get too low to effectively suppress the electrolyte decomposition. 



2 Anode Interfaces & Interphases 

 
26 

 

That means a protective effect will only be observed in lithium/metal alloys if the applied 

metal layer is thick enough and the lithium content of the alloy is not too high. 

Another example of a metal interlayer has been given by Liu et al. [91]. They applied a thin 

Ge layer between Li1.5Al0.5Ge0.5P3O12 (LAGP) electrolyte via sputtering. The film had a 

thickness of around 60 nm, which was thick enough to fully cover the electrolyte pellet.  

They were able to show that lithium plating and stripping for more than 200 hours was 

possible without showing the slightest hint of side reactions and change of resistivity; whereas 

the uncoated electrolyte pellet exhibited voltages of up to 2 V (at 0.1 mA cm–²) after only 60 

hours. They also showed that the resistance of the electrolyte pellet had only increased by a 

factor of 3 after 300 cycles, in comparison to the uncoated electrolyte that showed a 100–

fold increase of the resistivity after only 32 cycles.  

However, the origin of the protective effect is currently not understood, taking into account 

the experiments conducted by Santhosha et al., that were discussed above. As the phase 

diagram shows, lithium should be able to form several phases with germanium [92] and a 

similar behavior than in the In–Li system should be expected. Then the redox potential of 

the alloy depends on the lithium content. Liu et al. do not provide precise information on 

the thickness of the lithium foil but assuming the same thickness than in the case of 

Santhosha et al. (0.5 mm), the Ge content of the anode should be in the range of only a few 

per mill and not sufficient enough to suppress the electrolyte decomposition.  
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2.4 Thermodynamic and kinetic 
aspects of batteries  

 

 

rom a thermodynamic point of view, there are three different types of 

interfaces. They have already been discussed in chapter 2.3. Not every type of 

these interfaces is capable of protecting the solid electrolyte from decomposing in contact 

with lithium metal. Generally, inert interphases as well as metastable interphases can be used 

as a protective layer to avoid a reaction with lithium. An inert interface would be the easiest 

method. A protective layer that does not react with lithium, is deposited conformally on the 

electrolyte and prevents the contact between the electrolyte and lithium. In batteries with 

liquid electrolytes, a plentitude of protective layers is used for that very purpose on the 

cathode side. As lithium is the most reductive species, it is unlikely to find materials that are 

stable. So, on the anode side only a few materials have been proven to be stable [47]. The 

binary lithium compounds LiaXb are stable in contact with lithium metal at a potential of 0 V 

vs. Li+/Li because they cannot be further lithiated. The only other solid electrolyte material 

that has sufficient stability is the garnet LLZO because it has a reduction potential of only 

0.05 V vs. Li+/Li and a stabilization may be achieved due to kinetic effects. It’s stability can 

also be influenced by introducing various dopants [93]. A material that is metastable can also 

be used as protective layer if it does not react completely or the reaction products lead to a 

cessation of the reaction. However, for the purpose of improving the battery, materials that 

are metastable in contact with lithium metal can only be used as protective layers, if the 

reaction products do not worsen the battery performance. Thus, ionic conductivity is a 

priority.  

To describe decomposition and SEI formation in thermodynamic terms and to find strategies 

how to prevent them, it is necessary to briefly introduce the fundamental thermodynamic 

quantities that are required to describe these effects. 

  

F 
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2.4.1 Fundamental thermodynamic considerations 
 

As shown in Appendix B, a battery consists of an anode, a cathode, and an electrolyte that 

separates each electrode from the other. For the application as an anode several different 

materials are considered: metal electrodes, intercalation electrodes or conversion electrodes. 

As the aim of this work is to discuss various concepts for the realization of Li–metal 

electrodes, only this case is considered. The thermodynamic aspects are not limited to the Li 

anode and can be transferred to other electrode materials in a similar fashion. Basic 

differences are pointed out briefly in the following paragraphs.  

Mainly metal oxides are used as cathode materials, in which lithium can be inserted. In this 

work they are only discussed as far as necessary to explain the fundamentals of battery cycling. 

The basic considerations on stability criteria as outlined in the following are not limited to 

the anode side and can be transferred to the cathode side and must be applied in a similar 

way if protection layers for the cathode side are required.  

For reasons of simplification, only a linear one–dimensional model is described though it is 

also applicable for a two–dimensional interface. To derive the basic thermodynamic 

quantities, the case of a stable electrolyte under open circuit conditions is discussed first. 

Lithium ions are the mobile species in a lithium–ion battery. In each component of the 

battery an electrochemical potential of the lithium ions µ̃Li+  can be defined. In the 

thermodynamic equilibrium the electrochemical potential of the lithium ions in all 

components must be equal or a particle flux and current flux will appear: 

(µ̃Li+)Anode = (µ̃Li+)Electrolyte = (µ̃Li+)Cathode.     (4) 

The electrochemical potential of the lithium ions consists of the chemical potential µLi+ and 

the electrical (Galvani)potential 𝜑:  

µ̃Li+ = µLi++ z ∙ e 0 ∙ φ,      (5) 

where e 0 is the electric charge and z the charge number. In the case of electrons and lithium 

ions, z is ± 1 and thus omitted in the following discussion.  

The chemical potential depends on the activities ai of the involved species, namely the activity 

of the lithium ions in the electrodes and the electrolyte: 
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µLi+ = µLi+
0  + RT lnaLi+,      (6) 

with µLi+
0  = standard chemical potential of Li+.  

           R = universal gas constant (8.31447 J/K mol—1)  

           T = absolute temperature [K] 

The chemical potential is inaccessible so the values shown in Figure 5 are only relative values. 

As the activity of lithium ions in lithium metal is unity, lithium ions have the highest 

chemical potential in lithium metal. 

The electric potential describes the potential energy of a species with charge q in an electric 

field E. The inner electrical potential (or Galvani potential) consists of two terms: the surface 

potential 𝜒 and the outer potential or Volta potential ψ. The surface potential depends on 

the crystal orientation, as different lattice planes have different surface charges depending on 

the kind of ion that exists at the surface and the number of mirror charges that are formed 

when an ion is brought in contact with the surface.  

The absolute Galvani potential of a charge carrier is not accessible experimentally, as only 

differences of the Galvani potential can be measured. The potential needs to be lower on the 

anode side than on the cathode side, as no spontaneous charge transfer would occur 

otherwise.  

The open–circuit voltage or electromotive force (EMF) is a measure for the maximum non–

volumetric work done by the cell. It is derived from the difference in the chemical potentials 

of the neutral lithium compound in both electrodes when no current is flowing.  

EMF = −
ΔrG

z F 
       (7) 

(
∂G

∂nLi
)

p,T,nj≠nLi

= µLi      (8) 

The chemical potential µLi is the measure of the change of the free enthalpy 𝐺 of a 

homogeneous phase that is required or released for adding or by removing a lithium atom 

to or from an electrode when pressure p, temperature T and the amount of all other 

substances nj remain constant. During the charge/discharge process in a battery, the free 

Enthalpy changes by the value of  
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ΔµLi = (µLi) Cathode – (µLi) Anode.    (9) 

Thus, the potential difference can be calculated from the EMF. For the chemical potential 

absolute values cannot be given. To enable calculations, a virtual zero line can be added to 

the energy scale, which is often set to the theoretical Galvani potential of the anode, i. e. the 

redox couple Li+/Li.   

As a lithium atom can be described as the sum of the positively charged lithium ion and the 

negatively charged electron, the chemical potential of the neutral lithium µLi is composed of 

the electrochemical potential of the lithium ions µ̃Li+ and electrons µ̃e–. By knowing µLi and 

µ̃Li+, the potential of the electrons can be calculated:  

µLi = µ̃Li+ + µ̃e—,      (10) 

whereas the electrochemical potential of the electrons is equal to the Fermi level of the 

electrons in the electrodes.  

The calculation of the electrochemical potential of the electrons is analogous to equation 5, 

except for the prefix: 

µ̃e— = µe— — z ∙ e 0 ∙ φ.       (11) 

In thermodynamic equilibrium equation 4 is valid. In that case, inserting equation 10 in 

equation 9 shows that the difference of the chemical potential of lithium in both electrodes 

is determined solely by the difference of the electrochemical potential of the electrons in 

both electrodes and results in the open circuit battery voltage U. 

ΔµLi = (µ̃e—)Cathode − (µ̃e—)Anode = U      (12) 

As the discussion of the cathode side is excluded in this work, it is considered that there are 

local equilibria and that the potentials in this phase are constant. In the case of the lithium 

anode, ideal behavior is assumed.  Contacting anode, electrolyte and cathode with one 

another generates a voltage, resulting from the different lithium potentials in the electrodes. 

Between the electrodes the potential needs to decline from µLi, Anode to µLi, Cathode and a 

change of the Galvani potential must occur at the interface. Simultaneously, a change of the 

chemical potential of lithium across the electrolyte needs to develop. A hint what the slope 

of the chemical potential of lithium may look like has been given by Nakamura et al. [94].  
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They developed a model to calculate potential profiles by using the transport properties of 

the electrolyte and an adjacent layer, e.g. a second electrolyte or a protective layer. The 

hypothesis of their work was evaluated using oxygen ion conductors, as one requirement for 

the estimations is the knowledge of the activity dependence of the transport properties. These 

quantities are known for oxygen ion conductors but currently unknown for typical battery 

materials. Nakamura et al. showed that the potential drop has a sigmoidal shape. Its width 

depends on the electronic partial conductivity of the two phases. A smaller electronic 

Figure 5: Schematic depiction of the potentials in a lithium ion battery. Between anode and  
               cathode, a decline of the lithium potential µLi needs to occur.  The electrochemical  
               potential µ̃ is the sum of the chemical potential µ and the Galvani potential 
                z ∙ e 0 ∙ φ. As the electrochemical potential of the ions is constant in all phases  
               (otherwise, a particle flux must occur), the difference of the chemical potential is  
               due to different Galvani potentials in the three phases. The virtual zero line is  
               depicted as dashed line and fixed to the Galvani potential of the anode. Thus, on  
               the anode side the chemical and the electrochemical potential of the electrons are  
               identical and the chemical and electrochemical potential of the Li ions are  
               identical, too. The decay of µLi across the electrolyte is solely determined by the  
               change of the electrochemical potential of the electrons µ̃e–. As in an ideal  
               electrolyte µ̃e– cannot be formulated, the virtual change of the two values is depicted  
               as dashed lines.      
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conductivity leads to a stronger potential drop across a phase and the thickness of the phase 

influences the width of the potential drop. A thin phase causes a narrow drop; a thick phase 

causes a wide drop.   

This potential decline is difficult to determine, and it is indicated as a dashed line. For 

simplification, a linear drop of the potential in Figure 5 is assigned, but since the potential 

is a function of µ̃e–(the Fermi level) in the electrolyte, which is not constant, a non–linear 

decay can be expected. As the potential of the lithium ions µ̃Li+  is the same in all battery 

components, the entire potential drop across the electrolyte must be caused by the change of 

the electrochemical potential of the electrons (equation 10). This behavior is only valid, if 

the electrolyte has an (although possibly negligible) electronic partial conductivity. Only in 

this case can an electrochemical potential of the electrons be defined. As this is not the case 

in an ideal solid electrolyte, this curve is only indicated as a green dotted line.  

Details about the steps of the Galvani potential at the interfaces are unknown, as they cannot 

be measured. The steps in Figure 5 are only schematic sketches. Their values as well as 

directions can be different. As at the interface the counter ions of the electrolyte are in 

contact with the electrode (due to surface charges), a linear potential decay analogous to the 

Helmholtz layer in aqueous systems should occur. A logarithmic decay is expected only in 

diffuse interlayers. The width of the steps should be in the range of the Debye length.  

For all these considerations it is assumed that no space charge layers exist in the system. In 

real system they generally cannot be excluded generally [95].  

 

 

2.4.2 SEI formation 
 

Reactions at the interface either need to be prevented completely or controlled to create 

interphases with enhanced properties. Whereas the properties of the SEI in liquid 

electrolytes can be tailored by including proper additives or applying thin oxide layers to 

increase the stability against lithium metal, similar systematic studies on the 

anode|electrolyte interface and its properties have yet to be published up to our knowledge. 
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From a thermodynamic point of view, the formation of a stable reaction layer, the application 

of a protection layer, and the presence of impurities at the interface can be treated similarly. 

Crucial for the stabilization of the interface are the ionic and electronic conductivity.  

The potential difference Δ𝜑 between the two electrodes acting as the driving force for the 

movement of charge carriers across the electrolyte is constant. However, the change of the 

potential from 𝜑Anode to 𝜑Cathode is split up into two contributions, when an interlayer is 

present:  

Δφ= ΔφSEI+ ΔφSE      (13) 

When a current flows during discharge of the battery, the potential drop across each phase 

depends on the current density i and the electronic conductivity of the SEI and the solid 

electrolyte according to 

Δφ= ΔφSEI+ ΔφSE= – i (
1

σel, SEI
+ 

1

σel,SE
) .    (14) 

In this case, the potential drop across the electrolyte depends on the potential drop across 

the interlayer and vice versa. The pivotal property is the electronic conductivity in the 

electrolyte and the interlayer. Two general cases need to be considered (Figure 6): 

 The interlayer has a larger electronic conductivity than the electrolyte. 

 The interlayer has a smaller electronic conductivity than the electrolyte. 

 If the electronic conductivity in the interlayer is larger than the one of the electrolyte, the 

potential drop across the interlayer will be smaller than the potential drop across the 

electrolyte (Figure 6 top). If the electronic conductivity of the interlayer is smaller than the 

one of the electrolyte, the potential drop across the interlayer will be larger than the potential 

drop across the electrolyte (Figure 6 bottom).  

An electron can energetically pass from the electrode into the electrolyte, if the 

electrochemical potential of the electrons µ̃e–  in the anode is higher than the LUMO in the 

electrolyte or if µ̃e–is lower than the HOMO. If this is the case, a reaction between the anode 

and the electrolyte can occur. A reaction does not necessarily have to take place because 

electrons are only one required species and also lithium ions are needed but it is energetically 

possible. However, to avoid a reaction with certainty, electrons need to be prevented from 
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crossing the interface.   

A reaction cannot take place, if µ̃e– is between the HOMO and LUMO of the electrolyte, 

two values that are often described as the electrochemical stability window of the electrolyte. 

Similar, a reaction between lithium and an interlayer cannot take place if µ̃e– lies in the 

stability window of the interlayer.  

Equation 14 suggests that a proper selection of electrolyte and interphase materials is 

necessary to ensure that the potential at the SEI|electrolyte interface lies in between the 

stability windows of both phases. Only if the potential difference across the SEI is large 

enough to fulfill this requirement will the electrolyte be stable. If that is not the case, further 

decomposition will occur. In an ideal case, the interlayer should not have an electronic 

conductivity so no electrons can pass. However, if the potential drop across the SEI is too 

large, the strength of the electric field could lead to a decomposition of the SEI or tunneling 

effects (for films of only a few nanometer thickness). As the potential difference ΔµLi between 

the electrodes is solely depending on the electrode materials, the use of different electrodes 

may require a specifically tailored electrolyte multilayer structure for each combination of 

electrode materials in which the kind of SEI as well as its thickness are crucial. As the 

electrochemical stability window of most electrolytes is smaller than the potential difference 

between the lithium metal anode and cathode materials, a combination of different 

electrolytes may be required to ensure the stability of the battery. Concerning Li anodes, 

electrolytes that are stable at potentials of around 0 V vs. Li+/Li are needed. According to 

[47], only binary compounds fulfill this requirement because they cannot be further reduced. 

The garnet material LLZO has a reduction potential of 0.05 V and could possibly be used as 

well. On the anode side, either one of these materials or an artificial layer that will react with 

lithium metal by forming the binary compounds should be applied.  

Thus, a thermodynamic stabilization of the lithium|electrolyte interface is only possible if 

the interphase does not conduct electrons. Any attempt to stabilize the interface in literature 

that employs electronically conducting interlayers must be doomed to failure. These materials 

may be able to achieve a short–term kinetic stabilization but not a long–term thermodynamic 

stabilization.  

It is important to keep in mind the influence that transport properties across an interface 

can have on the battery performance. A successful thermodynamic stabilization of the 



2 Anode Interfaces & Interphases 

 
35 

 

interlayer may cause another problem: unwanted lithium plating between SEI and 

electrolyte. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6:  Schematic depiction of the changes of the potentials in a lithium ion battery with  
                 an additional SEI. The potential drop across a phase depends on the  
                 conductivity of the phase. The smaller the electronic conductivity, the higher the  
                 potential drop. Top: The SEI has a superior electronic conductivity than the  
                 electrolyte and the potential drop across the SEI is small. Bottom: The SEI has  
                 an inferior electronic conductivity than the electrolyte and the potential drop  
                 is large. As long as µ̃e– at the interface is not between HOMO and LUMO, a  
                 reaction at the interface can occur, if lithium ions are present. 
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2.4.3  Lithium plating  
 

As discussed above, protective layers should have a negligible electronic conductivity. On the 

anode side, these protective layers are in direct contact with lithium metal, which has a high 

electronic conductivity. The drastic change of the transport properties from high to negligible 

conductivity can cause unwanted lithium plating, which in this case acts as a failure 

mechanism.  

Lithium plating is a widely examined process and describes the deposition of lithium metal 

at an interface of two phases, either a solid electrolyte and an electrode or current collector 

or at an electrode surface in batteries with liquid electrolyte [72], [96]–[105], [107]–[113].   To 

induce lithium plating, two phases with precisely defined properties are put in contact with 

one another. One phase needs a large ionic conductivity and a small electronic conductivity 

whereas the other phase needs to have a good electronic conductivity but a negligible ionic 

conductivity.   

Lithium plating can be a desired or an undesired process. For directed lithium plating in 

batteries, the two adjacent phases are a lithium–ion conducting electrolyte (el) and a metal 

current collector (cc). The current collector possesses a high electronic conductivity but shows 

an ion–blocking behavior whereas the electrolyte possesses a high ionic conductivity and a 

negligible electronic conductivity. Absolute values for the conductivities are less important 

than the respective transference numbers tLi+  and te–  in the electrolyte and the current 

collector. In an all–solid–state battery, in which only Li+ and e– are mobile, tLi+ + te– = 1. A 

charge carrier flux in the electrolyte toward the current collector will result in a charge 

transfer resistance at the interface, as the lithium ions cannot penetrate the current collector 

without difficulty. Electrons enter the electrolyte with just as much resistance. Only the 

fraction  
tLi+,cc

tLi+,el
 of ions can pass from the electrolyte into the current collector. Concurrently 

only the fraction 
te–,el

te–,cc
 of electrons can pass from the current collector into the electrolyte. 

The remaining 
tLi+,el – tLi+,cc

tLi+,el
 ions and 

te–,cc  – te–,el

te–,cc
 electrons accumulate at the interface. For an 

ideal interphase between the electrolyte and the current collector, te–,el and tLi+,cc should be 

zero, at a real interphase always a small fraction of electrons may pass from the current 
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collector into the electrolyte and ions into the current collector. At low current densities even 

for an almost completely blocking interface only a few charge carriers of either species remain 

at the interface. The higher the current density, the higher the accumulation of charge 

carriers at the interface. From a certain “threshold” concentration, electrons and ions will 

combine by forming lithium metal. In the case of a negligible electronic conductivity in one 

phase, even negligible current densities are sufficient to cause lithium plating.   

If the transference numbers for the lithium ions and the electrons are the same in both 

phases, no lithium plating will occur. As soon as 
tLi+,Phase 1

te–,Phase 1
 ≠

tLi+,Phase 2

te–,Phase 2
, lithium plating can 

occur as fractions of the charge carriers will remain at the interface. At this point only the 

difference in the transference numbers of each species determines when lithium plating 

starts. The higher the current density and the bigger the difference of the transference 

numbers, the sooner lithium plating occurs. In the ideal case, when lithium plating is a 

desired process, the ionic conductivity in the current collector should be insignificant, like 

the electronic conductivity in the electrolyte. If these requirements are fulfilled, even small 

current densities and charge carrier concentrations at the interface will result in lithium 

plating. Similar thoughts on transport properties of interfaces in solid electrolytes have 

already been made in literature a few decades ago [114], [115]. 

Especially in terms of the directed application in lithium–free batteries, lithium plating is an 

interesting phenomenon [96], [98], [104], [118], [119]. As depicted in Figure 7, the anode 

current collector in a lithium–free battery is directly positioned on the electrolyte without 

inserting an anode layer. The lithium anode is formed in situ during the first charging of the 

battery by removing the lithium ions from the cathode and depositing them between the 

current collector and the electrolyte. As all the lithium in this kind of battery is stored in the 

cathode, no excess lithium is present. Therefore, measures must be taken to prevent lithium 

loss during the first charging due to SEI formation or side reactions, as well as the further 

consumption of lithium during each cycle needs to be prevented. To ensure a reversible 

cycling behavior, the lithium deposition on the current collector must take place 

homogeneously.  
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When artificial interlayers are applied to stabilize the anode|electrolyte contact, lithium 

plating can also be a cause of degradation in lithium batteries. As lithium plating solely 

depends on the transport properties of two adjacent phases, it can occur even between two 

electrolyte layers if they have different electronic and ionic partial conductivities and if the 

current densities are sufficiently high. This makes the point that lithium plating – although 

it is a kinetic phenomenon – can have an influence on the thermodynamics in lithium 

batteries. Figure 8 schematically shows the potentials in a lithium ion battery consisting of a 

lithium anode, a cathode and two electrolytes with different transport properties before and 

after lithium plating. Before lithium plating, there is a potential gradient in both the 

electrolytes and the potential decay in each phase depends on the conductivities in both 

phases (equation 14). If unwanted lithium plating occurs due to different transport 

properties, one can assume that a second lithium anode is formed at the interface between 

electrolyte 1 and electrolyte 2. This results in a change of the potential gradient in both 

electrolytes. Due to the formation of a second lithium anode phase, the potential decay across 

Figure 7: Lithium plating between a copper foil (red) and a solid electrolyte.  
                Different transport numbers of Li+ and e– in a solid electrolyte and  
                an adjacent phase lead to the precipitation of lithium metal at the  
                interphase when charge carriers cannot cross the phase boundary.  
                The higher the difference in the transport numbers, the lower the  
                current that is needed to initiate lithium plating. Plating of lithium  
                leads to the deformation of at least one of the phases at the  
                interface. 
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electrolyte 1 vanishes as the potential of lithium at both sides of the electrolyte is equivalent. 

This means there is no driving force for the ionic motion in electrolyte 1 anymore.   

 

Concurrently, the overall potential difference between anode and cathode then needs to be 

reduced across electrolyte 2. This results in a larger potential gradient and a larger driving 

force for the ionic motion between the cathode and the newly formed lithium anode. To 

 

Figure 8:  Schematic depiction of the potentials in a lithium ion battery before and after  
                  lithium plating between two electrolytes with different transport properties.  
                  Lithium plating at the interphase leads to the formation of a phase with a high  
                  lithium potential. Between the newly formed lithium and the cathode is a large  
                  potential gradient which increases the driving force for lithium plating. After the  
                  formation of lithium there is no potential gradient between the  
                  anode|electrolyte 1 interface and the electrolyte 1|lithium interface, which  
                  means there is no driving force for ion migration. Only if the plated lithium is  
                  fully removed, lithium from the anode is involved in the charge transfer process  
                  again.  
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prevent unwanted lithium plating (and subsequent dendrite formation) in composite 

electrolytes, it must be ensured that electrons and ions at the interface cannot form lithium 

metal.  

Taking these findings into account, it is questionable whether the long–term electrochemical 

(thermodynamic) stability, as demanded by Liu and co–workers can be improved by applying 

metal interlayers [91]. A thermodynamically unstable interface will decompose, as long as the 

decomposition is not kinetically hindered. As long as both electrons and Li ions can get in 

contact with the electrolyte, the interlayer will not serve as a diffusion barrier, and a 

decomposition has to take place. Germanium, like silicon, is able to form an alloy with 

lithium and it can be assumed that lithium will diffuse upon cycling into the Ge layer to form 

an alloy [92]. If lithium gets in contact with the electrolyte again, or if the potential vs. Li+/Li 

gets low enough, the decomposition reaction will continue. The rate of alloy formation 

depends on the diffusion coefficient of lithium in germanium (which is determined as the 

reduced diffusion coefficient of the lithium ions and electrons). Haro et al. used a thin Ge 

layer to increase the lithium uptake in Si nanotubes as battery anodes [119]. They suggest 

that this result is governed by the good electronic conductivity of germanium. Germanium 

transports electrons that are necessary to form lithium metal. The material can therefore not 

function as a protective layer to stop the reaction between lithium and the electrolyte. Metal 

interlayers can only be able to stop an interfacial reaction on the short–term scale but the 

reaction will still occur after longer/elongated cycling times and the protective effect will only 

be due to kinetic effects but not due to thermodynamic stabilization.  

The purpose of the examined interlayers in this thesis is to prevent the electrolyte 

decomposition in contact with lithium metal. As discussed above, to fulfill this purpose, 

these interlayers need to have a good ionic but negligible electronic conductivity. That means 

the artificial interlayer will most likely have different transport properties than the unstable 

solid electrolyte. In this case it must be ensured that the interlayer is not too thick. Otherwise, 

lithium plating between the electrolyte and the interlayer may occur. Then the electrolyte 

can still react with newly formed lithium metal and the interlayer will not fulfill its purpose. 

In general, materials are rare, that are thermodynamically stable in contact with lithium 

metal, and therefore, this work presents the concept of sacrificial interlayers.  
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2.5  Sacrificial interlayers 
 

 

 

n addition to the two groups of interlayer materials presented in chapter 2.3, 

there is a third group of materials proposed in this work: sacrificial interlayers or 

in–situ formed protective layers.  

This approach uses a “designed” reaction with lithium metal to create an artificial interphase. 

The formed interphase is stable in contact with lithium metal and prevents the electrolyte 

from degradation. If a material is chosen that forms and interlayer with sufficient good ionic 

conductivity, then the interlayer might also decrease the interface resistance [120]–[122]. 

The application of sacrificial interlayers is a relatively new concept in the field of battery 

research and originates from findings that were made with „LiPON“ solid electrolyte. 

„LiPON“ itself may be regarded as the first sacrificial interlayer, although it has never been 

used for this purpose intentionally. It has long been considered as stable against lithium 

metal until, a few years ago, Schwöbel et al. reported the reaction with lithium metal [50]. 

The apparent stability of „LiPON“ is due to the fact that the decomposition is a self–limiting 

reaction. A detailed description of „LiPON“, its properties and its behavior in contact with 

lithium metal is provided in chapter 2.6.  

The stabilization of the lithium|“LiPON“ interface after forming a reaction interlayer led to 

the development of the concept of sacrificial interlayers in the present work. The concept 

can be described by three essential elements: 

1) The interlayer decomposes in contact with lithium. 

2) The decomposition products lead to a passivation of the interface.  

3) The decomposition products show sufficient ionic conductivity such that the 

interface impedance does not rise critically (i.e. the conductivity of the decomposition 

products must not be worse than the conductivity of the electrolyte).  

I 
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As most materials are unstable in contact with lithium metal, the idea of using an unstable 

layer comes naturally and the number of possible materials is huge. In contrast to stable 

interlayers, these materials do not need to have a high ionic conductivity if the reaction 

products do. They can also be electronically conducting if the reaction products are 

electronically insulating and limit the decomposition reaction.  

From a technical point of view, the application of a sacrificial interlayer does not require 

major considerations. As the material is supposed to react, it does not matter whether it is 

crystalline or amorphous and the deposition should not require high temperatures, enabling 

low–cost processing. 

The decomposition products should act as a diffusion barrier for lithium (as neutral 

component Li0), thus, the ion–conducting reaction products must be electronically 

insulating. In the case of „LiPON“, this behavior occurs naturally. A similar behavior can 

also be observed for phases within the quasi–binary Li2S–P2S5 system [78], [123]. 

The critical aspect in terms of sacrificial interlayers is their thickness. If the interlayer is 

thicker than a critical thickness dcrit, parts of the interlayer remain between electrolyte and 

lithium anode unreacted. If the original interlayer does not have ionic conductivity, it will 

remain in the system as highly resistive interlayer, inhibiting the battery performance. If the 

interlayer is too thin, it may lead to incomplete local protection. 

Finding metastable materials, which react in contact with lithium metal by forming only good 

lithium–ion conducting and electronically insulating compounds is the major challenge in 

the realization of sacrificial interlayers. 

In order to exemplify the design of artificial interlayers, the properties of „LiPON“ will be 

discussed before deducing parameters that sacrificial interlayers need to possess to create a 

stable interphase. 
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2.6  „LiPON“ solid electrolyte  
 

 

 

iPON” is the most widely used thin–film solid electrolyte. Since its first 

synthesis in the early 1990s [124]–[127], it has gained an outstanding position 

in the field of thin–film batteries. The term „LiPON“ does not relate to the sum formula of 

the material but is an acronym for the elements that are included. „LiPON“ is amorphous, 

nitrogen–doped lithium phosphate. The structural backbone is lithium phosphate, which 

forms PO4–chains in which phosphorous is tetrahedrally coordinated by four oxygen atoms, 

and lithium ions are coordinated to the phosphate groups. „LiPON“ is usually formed by 

sputter deposition from a Li3PO4 target in reactive nitrogen atmosphere [50], [79], [124], 

[128]–[137]. During the deposition, oxygen of the phosphate group is partially substituted by 

nitrogen. The incorporation of nitrogen results in two different nitrogen species that are 

distinguishable via X–ray photoelectron spectroscopy (XPS). Nitrogen can form three single 

bonds to three adjacent phosphorous atoms (triply coordinated nitrogen, Nt) P − N<P
P

 or it 

can be present as doubly coordinated nitrogen (Nd) with one single bond and one double 

bond to two adjacent phosphorous atoms (P−N=P). The smaller the nitrogen content in 

„LiPON“, the larger the fraction of P − N<P
P

. If the nitrogen content increases, more P−N=P 

is formed. Although lots of research has been conducted to explain the ionic conductivity of 

„LiPON“, the conduction mechanism remains yet unexplained. Due to its glassy nature, the 

prediction of conductivity mechanisms or reactions in contact with electrode materials are 

rather difficult. In literature, calculations are usually performed assuming different structures 

for different stoichiometry of the material [14], [50], [138]. Howbeit, one general remark on 

the conductivity of the material can be made. The conductivity of „LiPON“ depends on the 

nitrogen content of the films and is typically in the range of 10–7 to 3∙10–6 S cm–1 [129], [137], 

[139]–[143]. The higher the nitrogen content of the films, the higher the ionic conductivity.  

Although the ionic conductivity of „LiPON“ is up to three orders of magnitude lower than 

the conductivity of good solid electrolytes, its straightforward deposition at room 

L 
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temperature has led it to become the most prominent thin–film solid electrolyte. In thin–

film separators the ionic conductivity is less important than in thick films ASSB cathode and 

anodes because the electrolyte thickness of thin separators is usually in the range of a few 

micrometers or less [144]–[148]. On this scale, even a low ionic conductivity contributes little 

to the overall cell resistance. „LiPON“ has also been used due to its excellent long–term 

stability in contact with lithium metal [148]. 

However, the long–term stability of „LiPON“ is questionable. Recent findings carried out by 

researchers from TU Darmstadt have shown that „LiPON“ is not stable against lithium metal 

[50]. Like Wenzel et al. they carried out an in situ XPS experiment. They measured the signals 

of a „LiPON“ thin–film and subsequently deposited a small amount of lithium on top of the 

film. From the changes of the measured binding energies they concluded that a reaction 

between lithium and the electrolyte layer took place. They suggested a reaction for two 

different specific „LiPON“ phases, i.e. Li4P2O7 and Li6P3O9N. Li acted as a reducing agent 

and lead to a decomposition of these two phases. In the case of the nitrogen–free phases, the 

following reaction took place: 

Li4P2O7 + 8 Li → Li3PO4 + Li3P + 3 Li2O    (15) 

The nitrogen–free sample decomposed into lithium phosphate and the binary compounds 

lithium phosphide and lithium oxide. For the nitrogen–containing sample they predicted 

the following reaction: 

2 Li6P3O9N + 12 Li → Li3PO4 + Li4P2O7 + Li3N + 7 Li2O   (16) 

In this case, the Li4P2O7 could further react according to equation 15 and in addition to the 

binary compounds Li3PO4 was found again. The contact with lithium lead to a decrease of 

the amount of network forming phases and the formation of simpler and mostly binary 

phases. These results are supported by the theoretical computations of Sicolo et al. [138]. By 

means of Density Functional Theory (DFT) they calculated the defect formation energies for 

„LiPON“ in contact with lithium metal. They found out that at the interface of lithium and 

„LiPON“, neutral interstitial lithium defects are formed which cause a disruption of the 

electrolyte network. The Fermi level at the interface between lithium and „LiPON“ is located 

at the upper region of the band gap of „LiPON“ and close to the conduction band minimum 

[51]. Electrons can easily access the conduction band and therefore induce a reaction.  
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The driving force for the decomposition and the question of the nature of the interfacial 

reaction has also been discussed by Albe et al. [14]. For the DFT studies they examined a 

„LiPON“ with the stoichiometry of Li5P4O8N3. They examined two different reaction paths:  

Li5P4O8N3 + 24 Li → Li3PO4 + 3 Li3P + 3 Li3N + 4 Li2O   (17) 

and  

Li5P4O8N3 + 32 Li → 4 Li3P + 3 Li3N + 8 Li2O.   (18) 

They calculated that the complete reduction of „LiPON“ and the formation of the binary 

compounds alone had a formation energy of –24.16 eV and was therefore thermo–

dynamically favored over the partial reduction (equation 17; –18.45 eV). 

The Albe team also reported that the lithiation energy gets more negative upon lithiating 

„LiPON“, therefore the lithiation gets even more favored when lithium is inserted. Hence, 

they could show theoretically as well as experimentally that the thermodynamically favored 

decomposition into the binary compounds does not take place. Instead, Li3PO4 is formed 

and remains at the interface. They suggested that some sort of kinetic barrier prevented the 

decomposition of Li3PO4.  

Although these recent findings have proven the interfacial instability of „LiPON“, the 

reaction does not lead to a decomposition of the entire electrolyte. Otherwise, there would 

not be batteries containing „LiPON“ that run for more than 1000 cycles. The reason for the 

long cycle life of these batteries is that the reaction products Li3PO4, Li2O, Li3N, and Li3P 

have in parts a high ionic conductivity (Li3P ~ 10–4 S/cm [53], Li3N ~ 10–4 – 10–3 S/cm, 

[149]–[152]), but a negligible electronic conductivity. The formed interphase acts indeed as 

a diffusion barrier. The reaction rate ceases and the formed interphase has a thickness of 

only a few nanometers. The cycling data proves that such an interphase is able to effectively 

protect the lithium|electrolyte interface and an application of such an interphase in ASSBs 

should help to increase their stability and efficiency. A further discussion of the 

electrochemical examinations on “LiPON” thin–films is provided in chapter 4.1.4 of this 

thesis.   

For the aforementioned reasons „LiPON“ is examined as a model system in this work. 

Although the work of Schwöbel, Albe and Sicolo has already shed light on the reaction 
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between „LiPON“ and lithium, their results are still lacking detailed information on the 

structure and thickness of the SEI. Does the reaction lead to a multilayer–system consisting 

of different layers of Li3PO4, Li3P, Li2O and Li3N or is the SEI a homogeneous mixture of all 

these components? Does the stoichiometry of the electrolyte influence the SEI formation? 

How thick is a natural passivating interface and how thick can sacrificial interlayers be?  

From detailed examinations of the Li|“LiPON“ interface these questions will be answered 

and guidelines for the creation of artificial protection layers will be derived.  
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2.7   Phosphorous nitride P3N5  
 

 

 

ne promising candidate as sacrificial interlayer is triphosphorous pentanitride 

P3N5. The material has not attracted much attention in literature so far. Most 

publications include information on the structure and different polymorphs of the material 

but little is known about its properties and applications.  

Phosphorous nitride consists of edge–sharing PN4 tetrahedra. The structure contains two 

different nitrogen species. Two fifth of the nitrogen atoms have covalent bonds with three 

adjacent phosphorous atoms, three fifth of the nitrogen atoms are connected to only two 

phosphorous atoms [153].  

The material can be synthesized by reacting stoichiometric amounts of 

hexachlorocyclotriphosphazene and ammonium chloride in an evacuated quartz ampule 

[153]. After heating the material to 700 K for 12 h and 1050 K for 24 h, the educts react to 

P3N5 under formation of hydrochloric acid according to equation 19. 

(PNCl2)3 + 2 NH4Cl → P3N5 + 8 HCl      (19) 

A second synthesis route uses phosphorus pentachloride instead of (PNCl2)3 [154]: 

3 PCl5 + 5 NH4Cl → P3N5 + 20 HCl    (20) 

The formed HCl is condensed and removed by cooling the ampules in liquid nitrogen. The 

reactions yield a powder with a color ranging from white to orange. 

P3N5 is used in combination with lithium nitride to synthesize a variety of lithium–containing 

phosphorous nitrides which have been examined with respect to their ionic conductivities 

[154]–[156]. By this, compounds like Li7PN4, Li12P3N9, Li10P4N10, and LiPN2 where 

synthesized, whose ionic conductivity varies between 10–7 to 10–5 S/cm (at 400 K). It has also 

been used as a gate insulator in GaAs transistors.  

For these reasons – the formation of lithiated phases and their low electronic conductivity – 

P3N5 is a possible candidate for sacrificial interlayers in lithium batteries. The advantage of 

O 
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P3N5 is, that if a reaction with lithium and a full conversion takes place, only Li3N and Li3P 

are formed, which are both good ionic conductors. If an SEI is formed, it should have a high 

ionic conductivity but only a small electronic conductivity. Even if the conversion into the 

binaries is not completed and lithiated phosphorous nitride species are formed, the resulting 

interphase could still be conductive for lithium ions, as these compounds exhibit ionic 

conductivities which are surpassed by only a few electrolyte materials and should not inhibit 

the battery performance.  

As it only consists of phosphorous and nitrogen, finding deposition parameters for the thin–

films should be comparably easy. Even if the stoichiometry cannot be fully transported from 

the target onto the thin–film, there will still be only two components, which both lead to an 

ionically well conducting interphase. There are no metallic compounds, which from a certain 

volume fraction on create percolating pathways for electrons and therefore need to be 

oppressed.  

The deposition process does neither need high temperatures nor retaining a crystal structure. 

As the material is supposed to decompose in contact with lithium metal it actually is not 

important whether the thin–film is crystalline or amorphous. The only prerequisite is that 

in the end the film will be converted into Li3N and Li3P and that the thickness is small 

enough to fully react but enough to cover the entire electrolyte. In the end, phosphorous 

nitride layers will be much thinner than typical electrolyte layers.  
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3 

Experimental Section  
 

 

ature gives the best examples for scientists, and from looking at natural 

phenomena one can often deduce parameters that might be helpful to create 

materials with distinct properties. In this case, the start was looking at „LiPON“ solid 

electrolyte thin–films as model systems. Following the work of Schwöbel et al. [50], a closer 

look at the interface between „LiPON“ and lithium metal, the formed reaction products, 

their properties, and the thickness of this interphase is taken. From these findings parameters 

for the application of artificial interlayers are derived. The choice was made to employ P3N5 

thin–films that might be able to mimic the natural behavior of the „LiPON“ interphase. 

Therefore, the first part of this experimental section comprises the deposition of these thin–

films by sputter deposition and ion beam sputtering, followed by a detailed description of 

the P3N5 target preparation and the battery assembly. The second part of this section 

comprises the structural, chemical and electrochemical characterization of the „LiPON“ 

thin–films, the P3N5 films and the electrochemical cells. In addition, this chapter comprises 

a few guidelines and tips how to circumvent problems that can occur when working with 

„LiPON“ and thiophosphate electrolytes.  

  

N 
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3.1 Sample preparation 
 

 

 

3.1.1 „LiPON“ 
 

“LiPON“ thin–films were prepared using a SLS Twin sputtering chamber, depicted in Figure 

9. Silicon (100) wafers and float glass with a thickness of 500 µm and 1 x 1 cm in size were 

employed as substrates. The substrates were mounted at 5.3 cm distance from the sputter 

target. The base pressure of the process chamber was in the low 10–7 mbar range. The 

chamber consisted of a loadlock (LL) attached to an in–house made glovebox (GB), a transfer 

module (TM) and two process modules (PM I and PM II).  

 

 

GB 

PM II 

PM I 

TM 

LL 

Figure 9: Schematic of the RF magnetron sputtering machine SLS Twin. Samples are 
                  introduced into the chamber via a load lock (LL) that is connected to a glovebox 
                  (GB). From the load lock the samples are transferred into one of the process 
                  modules (PM) via a transfer module (TM). The three locks included in this system 
                  ensure that the amount of impurities in the process modules is quite low and  
                  their base pressure is typically in the 10—7 mbar range. 
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Due to the sample transfer across three chambers, it could be ensured that any atmospheric 

impurities will have a negligible influence on the atmosphere of the deposition chamber. 

„LiPON“ films were deposited in the PM II chamber. This chamber contained four different 

target sites for targets of 3“ to 4“ diameter, the lithium phosphate target (Kurt J. Lesker, purity 

99.95 %) had a diameter of 3“. In this deposition chamber the targets were located above the 

substrates and the substrates were placed on a transferable metal plate. „LiPON“ films were 

deposited by reactive RF magnetron sputtering without intentional heating of the substrate. 

N2 (99.99 %) and argon (99.99 %) were used as sputtering gases. The working pressure and 

gas ratio were varied in order to achieve different stoichiometry of the „LiPON“ films. The 

sample holder had a diameter of 8“ but due to the inhomogeneous deposition, the maximum 

sample size was limited to roughly 5 cm. The RF power was set at 100 W, resulting in a power 

density of 2.19 W/cm². The deposition parameters of the „LiPON“ films are shown in Table 

1. No active substrate cooling or additional heating was applied. The deposition chamber 

was attached to an argon–filled glovebox so the samples could be removed without contact 

to ambient atmosphere. The samples were sealed in pouch bags and transferred to a second 

glovebox with an attached evaporation chamber in which lithium metal and gold were 

thermally evaporated, respectively. The oxygen and water content in the glovebox were kept 

below 0.1 ppm, respectively.  

 

 

 

 

 

 

 

 

 

 

Gas Gas flow / sccm p /mbar P / W URF / V tdep / min 

Ar 105 2.90∙10—2 100 278 120 
N2 / Ar 4 / 200 5.50∙10—2 100 300 120 
N2 / Ar 5 / 150 4.40∙10—2 100 267 120 
N2 / Ar 8 / 32 1.10∙10—2 100 740 120 
N2 / Ar 16 / 32 1.50∙10—2 100 150 120 
N2 / Ar 16 / 16 8.60∙10—3 100 140 120 
N2 / Ar 16 / 8 5.80∙10—3 100 125 120 

N2 16 1.50∙10—3  100 110 120 
N2 31 9.10∙10—3 100 90 120 
N2 54 1.90∙10—2 100 68 120 
N2 86 3.00∙10—2 100 56 120 

Table 1: Deposition parameters of the „LiPON“ thin–films. 
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3.1.2 Phosphorous nitride P3N5 
 

Phosphorous nitride powder (purity 99.9 %) was purchased from alfa chemistry. The powder 

had to be used to prepare a sputtering target that was later used for the thin–film deposition.  

 

i) P3N5 target preparation 

A target was prepared by grinding 7 g of powder in a mortar and giving it into a 1.5” press 

mold. The applied pressure was 30 kN and the pressure was kept constant for 30 minutes. 

As the target diameter needed to be at least 1.5“, only uniaxial pressing could be performed. 

The target was too large to fit into the isostatic press. Sintering of the target material could 

not be performed as the target could not be heated under dry nitrogen atmosphere in order 

to avoid nitrogen loss and decomposition during heat treatment. 

 

ii) Thin–film preparation 

Depositions were carried out in a vacuum chamber designed by Surface systems+technology 

GmbH & Co. KG. A schematic of the chamber is shown in Figure 10. The chamber consists 

of a target holder with four rotatable target positions. Each position can hold a target with a 

maximum size of 2“ and a maximum thickness of ¼“. The targets were rotated anticlockwise 

with a rotation speed of 20 rpm during deposition. It is also possible to move the targets back 

and forth during deposition to achieve a homogenous material removal. Directly above the 

center of the target holder is the substrate holder, which was rotated during deposition with 

a rotation speed of 5 rpm. The substrate holder contained a platinum coil which can heat up 

the substrate to 950 °C with a maximum heating ramp of 10 K/min but all depositions were 

carried out at room temperature. The working distance between the substrate holder and the 

target was kept at 44 mm.  

The chamber contained a Kaufman&Robinson KDC 10 ion source running with argon. For 

the deposition, the working distance was 44 mm, the argon flow was set to 4 sccm (varied 

between 1 – 4 sccm) resulting in a pressure of ~ 3.4 · 10—3 mbar. To create a reactive 

atmosphere and to compensate nitrogen loss during deposition, an additional Gen–II plasma 
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source by tectra was used to ignite a nitrogen plasma in the deposition chamber. A nitrogen 

flow of 75 sccm resulted in a working pressure of 6.8 · 10—2 mbar. Due to the geometry of the 

deposition chamber, the minimum distance between the plasma source and the substrate 

was ~ 11 cm. The deposition chamber was attached to an argon–filled glovebox (MBraun, 

O2 < 0.1 ppm; H2O < 0.1 ppm) so the samples could always be kept under protective 

atmosphere. The fixed deposition parameters are shown in Table 2. The deposition time was 

varied from 15 min to 4 h in order to achieve different film thicknesses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Schematic of the Surface ion beam sputtering chamber. The chamber  
                  contained a rotatable target holder, a rotatable substrate holder with an AC  
                  heater, an ion beam source and an additional plasma source to create a  
                  reactive atmosphere. 
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Table 2: Parameters for the ion beam deposition of P3N5. 

 

 

 

 

 

The deposition rate of the P3N5 layer was determined by measuring the film thickness after 

different deposition times using the KLA D–600 surface profiler by tencor. 

 

3.1.3 ASSB fabrication  
 

The all–solid–state batteries were assembled in a home–designed cell casing, which has 

already been used in previous studies [13], [16], [157]. To be able to insert the battery into 

the deposition chamber, the polyether ether ketone (PEEK) part of the casing had to be 

modified. The unmodified part is 20 mm high, and has deep trenches on both sides for the 

rubber rings. These trenches might lead to only partial coverage of the sample during 

deposition and might therefore lead to an inhomogeneous film thicknesses. The left part of 

Figure 11 a shows the unmodified PEEK part of the all–solid–state battery. In order to 

deposit a thin layer on one side of the pellet, the frame was split into two pieces of which 

one had a flat surface so no shadowing effects occurred during the deposition. Both pieces 

were 10 mm high, so the total height of the inner PEEK part did not change. For the 

fabrication of symmetric cells with interlayers on both sides, the PEEK part was split into 

three parts (Figure 11 b). The smallest one in the middle was only 3 mm high, small enough 

to press powder and later have the opportunity to apply an interlayer on either side. Figure 

11 c and d show the cell parts mounted on the substrate holder of the deposition chamber.  

 

 

 

Udischarge / V 40 

Idischarge / A 0.2 – 0.25 

UBeam / V 600 

IBeam / A 0.01 
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All ASSBs and all symmetric cells were assembled using the thiophosphate electrolyte  

β–Li3PS4 (LPS). First, 60 mg of the LPS powder (provided by BASF SE) were filled into the 

PEEK casing with an inner–wall diameter of 10 mm and cold pressed with 3 t for 5 min. To 

be able to remove the stamp from the electrolyte later on, a mirror–polished metal plate wass 

placed in the battery casing. The composite cathode was prepared by mixing the 

LiNi0.6Co0.2Mn0.2O2 (NCM622, provided by BASF SE) and LPS in a weight ratio of 70:30. 

The powders were hand ground for 15 min, in order to achieve a homogeneous mixture. 

Next, 10 mg of the composite cathode were distributed on one side of the preformed LPS 

electrolyte, followed by uniaxial pressing with 3 t for 5 min. The inner part of the housing 

Figure 11: Modified sample holder.   
                 a) Left: Standard PEEK housing; middle: Two–piece modification for  
                 one–sided depositions; right: Three–piece modification for the fabrication of 
                 symmetric cells.  
                 b) Three–piece modification for the fabrication of symmetric cells. 
                 c) PEEK casing for full cells mounted on the sample holders.  
                 d)  PEEK casing for symmetric cells and layer ablation on both sides of the    
                 electrolyte. 

a) 

b) 

c) d) 
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was removed, disassembled and placed in the deposition chamber. The P3N5 layer was 

deposited on the electrolyte using the aforementioned deposition parameters. The covered 

half–cell was put back in the cell housing and lithium foil (Rockwood Lithium GmbH) was 

pressed on the covered electrolyte with 6.4 Nm using a torque wrench, resulting in a pressure 

of 520 bar.   

Symmetric cells were prepared similarly. For practical reasons the pellets had to be slightly 

thicker. Hence, 100 mg of electrolyte were used.  

The thickness of the interlayer in both symmetric cells as well as ASSBs was varied to examine 

whether there is a minimum interlayer thickness dmin that is necessary to achieve an interface 

passivation or a maximum thickness dmax that must not be exceeded in order to improve the 

battery performance. 

 

  



3 Experimental 

 
58 

 

3.2 Characterization 
 

 

 

3.2.1 Structural characterization 
 

The samples were characterized using several different methods. It was necessary to 

determine the thickness, the deposition rate and roughness of the thin–films. 

For the precise calculation of electrochemical data, it was necessary to determine the sample 

geometry (cell constant). However, obtaining a precise value for the film thickness can be 

rather challenging and most methods can have a large error. Especially the film thickness is 

difficult to determine. Therefore, several methods were used. 

Whenever possible, the thicknesses and roughnesses of the samples were determined via 

surface profiling using a KLA D–600 from KLA Tencor and samples that were partially 

masked during deposition. Usually a minimum of 6 measurements were taken from each 

sample to see the deviation of the thickness across the sample. The average value of these 

measurements was taken and divided by the deposition time to obtain the deposition rates. 

In addition, the cross–sections of the thin–film substrates were examined in the scanning 

electron microscope and these results were compared to the thicknesses obtained from 

surface profiling, when possible. 

Scanning electron microscopy (SEM) and energy dispersive X–ray spectroscopy (EDX) were 

performed using a MERLIN electron microscope from Carl Zeiss SMT–Nano Technology 

Systems Division and a Xmax–50 detector from Oxford Instruments. 

 

3.2.2 XPS analysis 
 

Key part of this work was the observation of the reaction of the proposed materials in contact 

with lithium metal. As in solid thin–film systems phenomena like precipitation, segregation, 

and color change cannot be expected, the only chance to monitor the reaction with lithium 
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is to observe the change of the oxidation state of the materials and their binding energies 

during the stepwise introduction of lithium. Therefore, the in situ XPS experiment was 

performed according to the description given by Wenzel et al. [48]. For this experiment Li 

metal foil (Rockwood Lithium GmbH) was used.  

XPS measurements were carried out with a PHI Versaprobe II Scanning ESCA Microprobe 

(Physical Electronics PHI/ULVAC–PHI, USA) with a monochromatized Al Kα X–ray source 

(Beam diameter 200 µm, X–ray power of 50 W) at a chamber pressure below 10–7 Pa. The 

samples were transferred to the vacuum chamber under argon atmosphere in an airtight 

transfer vessel. The pass energy of the analyzer was set to 23.5 eV for detail spectra, to 46.9 eV 

for in situ measurements and to 187.6 eV for survey scans. During the measurements, the 

sample was flooded with low energy electrons and argon ions using the built–in ion sputter 

and electron guns in order to compensate surface charging effects. The samples were 

mounted with an insulating adhesive tape (floating potential) to avoid any electrical field 

gradient across the “LiPO(N)”/P3N5 thin–film or P3N5 powder. For data evaluation, the 

signal of adventitious carbon (C 1s, see Figure A 9 in Appendix D) of the pristine sample 

(i.e. before lithium deposition) was set to 284.8 eV to correct for charging effects. This 

correction was then applied to all subsequent spectra. The CasaXPS software package 

(Version 2.3.17) was used for data analysis and elemental quantification was performed using 

the sensitivity factors provided by the instrument manufacturer. A Shirley background and 

GL (30) line–shapes were used for data evaluation and for signal fitting. 

To investigate the reactions in situ (during interphase formation), lithium metal was 

deposited onto the “LiPO(N)” or P3N5 films, followed by an XPS acquisition step. These 

experiments again were conducted analogously to previously reported experiments [48]. 

Sequential lithium deposition and surface analysis steps were performed. After recording 

XPS spectra, lithium was deposited on top of the electrolyte using the built–in argon sputter 

gun. This procedure was repeated multiple times by an automated process and the sequential 

change of the substrate signals was monitored. Thereby, a set of spectra as a function of the 

lithium deposition time was recorded.  

These experiments were carried out with pristine P3N5 powder as well as thin–films prepared 

by ion–beam sputtering.  
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3.2.3 Electrochemical characterization  
 

After applying the artificial interlayers, it was necessary to determine their influence on the 

battery performance.  

 

Impedance spectroscopy on „LiPON“ films 

Impedance measurements were carried out to evaluate the resistances of the samples and to 

monitor their evolution. For these measurements, two potentiostat/galvanostat VMP–3 and 

VMP–300 devices from Biologic Science Instruments were used.  

The conductivity of the „LiPON“ films was determined by potentiostatic electrochemical 

impedance spectroscopy (PEIS). The films were deposited on Si|SiO2 substrates on which a 

small gold bar had been deposited by thermal evaporation as bottom electrode. A second Au 

electrode was used as top electrode. The film thickness varied between 800 nm and 2 µm 

after 2 h of sputtering, depending on the working pressure, and for each sample the electrode 

area was 0.02 cm². The sample geometry is shown in Figure 12. 

 

 

 

 

 

PEIS was also used to monitor the time–dependent change of the resistance of the ASSBs. 

The frequency range for all measurements was 7 MHz – 100 mHz. The voltage amplitude was 

10 mV for the ASSBs and 60 mV for the thin–film samples. 

Charging/discharging of the samples and lithium plating and stripping experiments were 

carried out using a VMP–3 and VMP–300 device from Biologic Science Instruments. The 

samples were kept at constant temperatures in climate chambers from Binder GmbH.  

Figure 12: Sample geometry for impedance measurements on LiPO(N) thin–films. 
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Plating/Stripping 

In a lithium plating and stripping experiment, a constant current is applied for a given time 

interval in both directions. A positive current will dissolve lithium on one side of a 

symmetrical cell (anode) and cause the deposition of lithium on the other side (cathode). 

Changing the direction of the current will switch the direction of these reactions. Long–term 

plating and stripping can shed light on the processes that happen at the interfaces. It is used 

to examine the influence of the anode|electrolyte interface on the battery performance 

without having to consider the cathode side. Only if the resistances do not change, a 

conformal and highly reversible behavior can be assumed. It is also a good way to monitor 

dendrite formation. In this case a current of 70 µA (100 µA/cm²) was applied for two hours 

in each direction, respectively. By choosing a longer process time it can be ensured that an 

actual charge and mass flux takes place (in this case corresponding to ~ 36 µg of lithium or 

a roughly 870 nm thick layer). Short measurement times of only a few minutes are critical 

because they do not present typical operating conditions of a battery and cannot be used to 

draw conclusions on the effect of protective layers in real batteries. The experiments were 

carried out at 25 °C and 60 °C. The measurements at 60 °C were started after a temperature 

equilibration time of 60 min.  

 

Battery cycling  

Cycling of the ASSBs was performed applying a constant current of ± 140 µA (200 µA/cm²) 

between an upper cutoff potential of 4.3 V vs. Li+/Li and a lower cutoff potential of 2.6 V 

vs. Li+/Li. The charge/discharge steps were separated by a 10 min rest at open–circuit voltage 

(OCV).  
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3.3  Experimental Issues 
 

 

 

n important aspect of science and research is failure. Often failure is not 

reported because only a proven theory is regarded as success. However, in 

practice one can find that knowing about potential problems can help to gain a deeper 

understanding of measurement artifacts and to distinguish between results that are due to 

expected phenomena and results influenced by side effects. The purpose of this chapter is to 

briefly summarize a few aspects that have been observed with the materials mentioned in this 

thesis.  

The issues comprise surface anomalies on „LiPON“ solid electrolyte that were formed during 

deposition. These structures make the examination of model surfaces difficult and are but 

one example of how important a high–quality interface is. Another challenging aspect in the 

manufacturing of ASSBs is the strong degradation of the solid electrolyte even under 

protective atmosphere. These degradation phenomena can superimpose the degradation of 

the batteries caused by cycling when the cell housing is not completely gas–tight and impede 

the data evaluation.  

 

  

A 
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3.3.1 Flower–like structures on „LiPON“ solid electrolyte  
 

The first phenomenon addressed in this chapter is the morphological change of „LiPON“ 

electrolyte thin–films. This topic has found hardly any attention in literature. Only the 

Indian Institute of Science has reported the observation of structures on the thin–film 

surface [158]. However, as these structures can have a huge influence on the properties of 

the interface between „LiPON“ and any adjacent phase, they will be discussed below.  

During this work, the formation of surface anomalies was visible. Directly after removing the 

samples from the deposition chambers, the samples occurred to be opaque (Figure 13). These 

anomalies were not just single deposits, isolated on the substrate, but many deposits spread 

all over the substrate.  

 

 

 

 

 

 

 

 

 

The morphology of the observed surface anomalies had a variable size and shape. Deriving 

from the most common shape these structures are referred to as “„LiPON“ flowers”. Their 

size was depending on the film thickness but was typically in the range of 2 µm – 10 µm in 

diameter. As Figure 14 shows, they could also reach diameters of more than 20 µm and were 

large enough to be observed with the bare eye. 

 

 

Figure 13: „LiPON“ film after deposition for 2 h on silicon (100) substrate. 
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The shape and orientation of these structures varied depending on their position on the 

sample. Only in the center of the sample they were perfectly round. The closer they were 

located to the sample edge, the more they were shaped crescent–like. It could also be observed 

that these structures were always oriented toward the edge of the sample (as shown in Figure 

15). 

 

 

 

 

 

 

 

 

 

 

 

 

5 µm 

Figure 14: Flower–like structures on „LiPON“ solid electrolyte. 

Figure 15: Orientation of „LiPON“ flowers in dependence of the position on the     
                     substrate. SEM images.  

20 µm 

30 µm 30 µm 

30 µm 
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The origin of these structures is currently unclear. The cross–sectional image suggests that 

their formation is initiated during the sputtering process (Figure 16). By creating a cross–

section of the sample it was possible to get a side–view on one of these structures. The first 

observation was that these structures were growing on top of the electrolyte layer but not 

instead of it. In Figure 16 the smooth electrolyte is still visible below the surface deposit. It 

is interesting to see that the thickness of the electrolyte below is not constant. Instead it is 

gradually decreasing from the edge to the center of the structure and these structures seem 

to grow in a certain angle to the surface. This finding suggests that, from a certain point 

during the deposition on, the formation of these structures begins on top of the electrolyte 

layer and they are not formed right from the beginning. There must be an initiation for the 

formation of these structure. Then they seem to spread out across the electrolyte leading to 

the covering of a linearly growing electrolyte layer. This assumption is supported by the fact 

that „LiPON“ layers with a thickness of around 100 nm do show hardly any surface 

anomalies (see chapter 4.1). The way the structures grow suggests that in line with nucleation 

theory a threshold needs to be overcome to initiate the growth of these „LiPON“ structures. 

It could also be observed that sometimes anomalies were formed in areas where there were 

scratches from substrate handling. However, when attempts were made to create artificial 

nucleation sites (e.g. by creating scratches on the sample surface) no preferred growth of 

structures in these areas could be observed.  

 

 

 

 

 

 

 

 

 

 

Figure 16: Cross–sectional SEM image of a surface anomaly on „LiPON“ electrolyte.  
                     

2 µm 
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In addition to the growth of these structures also their composition was examined. 

Determining the stoichiometry of the surface via XPS was not possible. Although the deposits 

(“flowers”) were comparably large, they were still smaller than the lateral resolution of the 

method. The average stoichiometry of the film surface in an area with many structures 

compared to a surface area with less structures did not show any difference bigger than the 

error of the measurement. To further examine the composition of these structures, EDX was 

used as an additional method. 

 

A sample was examined where there was a surface deposit and in one position a structure 

deposit to have broken off during handling (Figure 17). With this sample, the stoichiometry 

of the films could also be compared to „LiPON“ below these structures. The results are 

summarized in Table 3. The O/P ratio of the „LiPON“ film was around 3.8 whereas the N/P 

ratio was 1.1. This is in good agreement to the results that can be obtained by varying the 

nitrogen flow and with respect to the accuracy of the detecting method. However, the oxygen 

ratio is slightly higher than expected, probably due to surface impurities. The amount of 

carbon is around 4.5 %. Only traces of Si, probably due to holes in the film, are visible. The 

stoichiometry of one of the „LiPON flowers” differed strongly from the surface 

stoichiometry. The oxygen content was reduced by about one third and was only 41.4 at%. 

Figure 17: EDX image of the „LIPON“ surface, a surface deposit and an area where  
                    a surface deposit had been removed. 
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The nitrogen content was reduced by almost 2/3 and the phosphorous content decreased to 

only 3.1 at%. The carbon content of the structures was much higher (45.6 at%). In the area 

where there was no deposit, the oxygen content was the highest with 73.2 at%. The nitrogen 

and phosphorous content were just as high as in the deposit but the carbon content was 

reduced to 15.1 at%. 

Table 3: Comparison of the elemental contents of a „LiPON“ electrolyte surface, a deposit 
               and an area where a deposit is missing (shown in Figure 17). 

 

 

 

 

 

However, a second line scan on another sample was performed and led to contradicting 

results (Figure 18). In this case the nitrogen and carbon content remained more or less the 

same but the phosphorous content in the surface deposit was smaller than in the „LiPON“ 

thin–film, whereas the phosphorous content was higher. Although the composition of these 

surface deposits could not finally be determined, it can be concluded from the results above 

that they do not consist of „LiPON“ and therefore might possess different properties than 

the flat films.  

Nimisha et al. suggest that these deposits are formed due to contact with humid air [158].  

However, in the present study humidity as the origin of these structures can be excluded. 

The samples were always kept under protective atmosphere. The PM II chamber had a very 

low base pressure (10–8 mbar) and the plasma led to a high temperature during the 

deposition. Therefore, the fraction of water in the sample should be very low, even though 

the deposition chamber needs to be vented to change one of the four targets. Even if there 

was still residual humidity in the chamber, it should not be enough to create surface deposits 

of more than 10 µm in diameter and thicknesses larger than the electrolyte films in the time–

frame of the deposition.   

If these deposits were formed in contact with atmosphere, humidity could be a reasonable 

explanation. However, the presence of surface deposits could already be observed with the 

At% Surface Deposit  Deposit missing  
O 61.1 41.4 73.2 
N 17.7 6.8 6.4 
P 16.2 3.1 2.3 
C 4.5 45.6 15.1 
Si 0.5 3.1 2.9 
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bare eye directly after removing the samples from the deposition chambers. For the above 

mentioned reasons it can be assumed that the humidity was too low and that the deposits 

must have a different origin. 

 

 

 

 

 

 

 

 

 

 

 

The only clear dependence that could be found was the dependence of the size of these 

deposits on the deposition times. Films deposited for only a few minutes had an almost 

perfectly flat surface. Only a few deposits were visible and they were very small (diameter 

< 100 nm). This finding suggests that „LiPON“ films should have very homogeneous 

properties as long as they are thin enough but from a certain thickness on, surface anomalies 

will occur that will influence the electrolyte properties and performance of cells. In the case 

of „LiPON“ as an interlayer, it must be ensured that these deposits do not form during 

deposition. 

 

 

 

Figure 18: SEM image and EDX signals of a „LIPON“ film with surface deposit. The  
                   nitrogen (green) and carbon signal (red) show no difference between  
                   the films and the surface deposit. The phosphorous signal (violet)  
                   decreases on the deposit whereas the oxygen signal (blue) increases.  

 

15 µm 
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3.3.2 Degradation of the LPS solid electrolyte 
 

Thiophosphates are highly sensitive to moisture and must always be kept under protective 

atmosphere. The following example is given to underline the importance of material storage. 

Small amounts of oxygen, water or solvent molecules can be sufficient to cause a reaction 

even in an argon–filled glovebox, changing the electrolyte properties drastically. These 

reactions made it difficult to see whether the interlayers worked.  

One electrolyte pellet was prepared from Li3PS4 powder. For this, 100 mg of the powder were 

given into a press mold with a diameter of 10 mm and pressed with a weight of 3 t for 2 min. 

Then 200 nm Au were evaporated on both sides of the pellet. The pellet was connected with 

Al current collector tabs and sealed in a pouch bag. After sealing, time–dependent impedance 

measurements were done. Four months later, a second pellet was prepared in similar fashion 

but was stored in the glovebox for one week before evaporating Au electrodes. The results of 

the impedance measurements conducted on both samples are shown in  

Figure 19. The black data points belong to the sample prepared from pristine Li3PS4, the red 

data points belong to the aged sample. Although the very same material was used, a large 

difference can be seen in the impedance spectrum. The spectrum of the pristine material 

consists of a small semicircle in the high–frequency range and a low frequency tail. These 

two contributions can be attributed to the electrolyte resistance (a semicircle is caused by a 

parallel circuit consisting of a resistor and a capacitance or constant phase element) and the 

Li–ion blocking behavior of the gold electrodes. However, the impedance spectrum of the 

aged Li3PS4 shows two more contributions. There are two semicircles in the high–frequency 

region and one larger semicircle, which partly overlapped with the linear part, in the mid–

frequency region, and the linear contribution of the blocking Au electrodes.   

To distinguish between the different contributions, the capacitances C of the elements were 

calculated from the constant phase elements Q according to equation 21: 

CC = (
Q

Rα—1)

1
α              (21) 

with   Q = the value of the constant phase element (CPE) 

           R = Ohmic resistance 

           α = alpha value of the CPE  
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The capacitance of the first high–frequency semicircle was in the range of 2 · 10—11 F. Taking 

into account the geometry of the samples, and equation 22 as relation of the geometric 

capacitance 

C = ε0∙εr∙
A

d
     (22) 

with  𝜀0 = dielectric constant  

            εr = permittivity of „LiPON“  

            A = electrode area (=̂ pellet surface)  

             d = electrode distance (=̂ thickness of the electrolyte pellet),  

 

this low value can be attributed to the bulk electrolyte (the same value was measured for the 

pristine electrolyte). The capacitance of the second high–frequency semicircle was in the 

range of 1 · 10–10 F, suggesting that it is another contribution caused by a bulk material. The 

capacitance of the mid–frequency semicircle was in the range of 1 µF. Values in the 

microfarad range can usually be attributed to an interface, probably to the interface between 

Li3PS4 and the gold electrodes. 

 

 

 

 

 

 

 

 

 
Figure 19: Nyquist plot of the pristine (black) and degraded (red) Li3PS4 powder. 

 

Although the material has always been kept under argon, the additional contributions in the 

impedance spectrum are possibly due to a degradation of the electrolyte that was induced by 
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trace impurities in the glovebox atmosphere. When Li3PS4 reacts with oxygen or moisture, it 

may form Li2O or LiOH, both being components with low electronic and ionic conductivity. 

Thus, the decomposition reaction may be a self–limiting process leading to a core–shell 

structure of a Li3PS4 particle core and an Li2O/LiOH–containing shell with a lowered 

conductivity (Figure 20). 

 

 

 

 

 

 

  

If the powder particles are pressed to form a pellet, the pellet contains grain boundaries, 

formed by the shells of the electrolyte particles, leading to a second impedance contribution 

of the bulk electrolyte. The third impedance contribution could be caused by a further 

reaction of the pellet surface with impurities in the glovebox atmosphere. This assumption 

is supported by results received after grinding the aged electrolyte before pressing a pellet. 

Grinding the electrolyte in a mortar for 5 minutes lead to a decrease of the resistances (of all 

three components) by a factor of three (Figure 21). 

Grinding might break the shells of the electrolytes reducing the highly resistive interface 

between the particles. However, grinding did not fully remove the contributions because the 

reacted electrolyte has a lower conductivity than the pristine one. In addition, the semicircle 

in the mid–frequency range was still visible, indicating that a degradation of the pellet surface 

still took place.  

Grinding also lead to smaller particles, which enabled a better densification of the pellet. The 

density increased from 1.3 g/cm³ to 1.45 g/cm³.  

Figure 20: How aging of the electrolyte may cause additional contributions in the impedance  
                   spectra. 
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Figure 21: Influence of the powder treatment on the conductivity of the Li3PS4 powder.  
                  Grinding reduces the resistance significantly.  

 

Therefore, special care needs to be taken to keep the electrolyte clean, even under protective 

atmosphere. It cannot be excluded that some changes in the impedance spectra are related 

to the aging of the electrolyte. When working with thiophosphates, quality control in regular 

intervals is necessary. Also cells with thiophosphate electrolyte should be examined quickly 

and composite cathodes should always be prepared freshly. 
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4 Results & 
Discussion  

 

 

 

his chapter is divided into two subchapters. Firstly, „LiPON“ is examined. 

„LiPON“ is a material that has a metastable interface toward lithium metal and 

enables batteries with more than 4000 charge/discharge cycles [145]. This apparent stability 

is achieved by the formation of a passivating SEI [50]. The first task was to learn more about 

the behavior of „LiPON“. How does the passivation work, what are the main components of 

the SEI and how thick is the SEI, had been questions to be addressed to find suitable 

parameters for the application of artificial interlayers. Based on the „LiPON“ results, the 

application of P3N5 as possible sacrificial interlayer was examined. The quality of the 

deposited thin–films was determined before monitoring the reaction of P3N5 with lithium 

metal. After clarifying that the material showed a behavior similar to „LiPON“ and was 

suitable as interlayer, it was applied in symmetric cells and in all–solid–state batteries, and its 

effect on the cell properties was analyzed.

T 
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4.1 SEI formation on „LiPON“  
 
 

 

model system is a system that is both chemically and structurally well–defined and that 

can be used to examine unexplained phenomena in a more reproducible way. For that 

reason, it is necessary to evaluate the characteristics of the deposited electrolyte thin–films and to 

understand the influence of the deposition parameters on the sample properties. Only if certain 

requirements can be achieved reproducibly, the material can be applied as model system.  

 
4.1.1 General characterization of „LiPON“  
 

First it needed to be checked whether the films prepared in this work were comparable to 

films known in literature. Therefore, the deposition conditions were varied to obtain films 

with different properties. The stoichiometry of the films and the conductivity of the samples 

were determined and also the morphology of the samples was examined. For the 

examinations „LiPON“ films with different stoichiometry ought to be compared and it was 

investigated whether the stoichiometry (i.e. the nitrogen content) had an influence on the 

properties of the SEI. The varied deposition parameters were the background pressure and 

the gas composition during the depositions. The sputtering power as well as the sputtering 

time were kept constant. The base pressure was usually in the range of (8 ∙ 10–8 – 2 ∙ 10–7) 

mbar. The deposition parameters as well as the elemental ratios N/P, Li/P and O/P of the 

prepared films are given in Table 4. The elemental compositions were obtained from the 

integrated intensities of the respective photoemission signals of the XPS measurements. The 

stoichiometry of all “LiPON“ films in this work is normalized to phosphorous.  

 

 

 

 

A 



4 Results and Discussion  The „LiPON“ SEI 

 
76 

 

Stoichiometry 

As can be seen in Table 4, the composition of „LiPON“ could be adjusted over a wide range. 

By sputtering in pure argon, the resulting stoichiometry is Li1.33PO2.75, rather corresponding 

to a meta–phosphate Li1PO3 than to a (ortho–)phosphate like the target stoichiometry 

Li3PO4, meaning that the resulting films are lithium and oxygen deficient compared to the 

target material. This result is in accordance with observations known in literature [132], 

[134], [137], [142]. In general, lithium deficiency is caused by the deflection of the light 

lithium atoms and ions in the plasma due to collisions with the heavier gas atoms. The 

lithium content of the films is in most cases lower than in the target material and decreases 

with increasing nitrogen content. 

Table 4: Deposition parameters and resulting stoichiometry of „LiPON“ solid electrolyte  
               thin–films. The bold samples were used for further investigations. 

 

The influence of the nitrogen flow during deposition on the N/P ratio is shown in Figure 

22. As can be seen, the nitrogen content in the films increases with increasing nitrogen flow 

during deposition. As the background gas is the only nitrogen source, an increase of the gas 

reservoir should logically result in an increased incorporation of nitrogen into the film. This 

behavior is in accordance with observations in literature [132], [142]. However, the resulting 

nitrogen contents of the films are much higher than values obtained from similar deposition 

parameters in literature. A gas flow of as little as 16 sccm can result in an N/P ratio of 1 and 

further increasing the nitrogen flow does result in even higher ratios up to a maximum of 

Gas Gas flow / sccm p /mbar URF / V tdep / min N/P Li/P O/P 

Ar 105 2.90 ∙ 10–2 278 120 0.00 1.34 3.41 
N2 / Ar 4 / 200 5.50 ∙ 10–2 300 120 0.43 2.23 3.23 
N2 / Ar 5 / 150 4.40 ∙ 10–2 267 120 0.47 3.93 5.63 
N2 / Ar 8 / 32 1.10 ∙ 10–2 740 120 0.76 1.83 2.33 

N2 / Ar 16 / 32 1.50 ∙ 10–2 150 120 1.29 1.30 1.62 
N2 / Ar 16 / 16 8.60 ∙ 10–3 140 120 0.89 1.77 1.96 
N2 / Ar 16 / 8 5.80 ∙ 10–3 125 120 0.95 1.73 2.03 

N2 16 1.50 ∙ 10–3  110 120 1.00 1.58 1.77 
N2 31 9.10 ∙ 10–3 90 120 1.23 1.40 1.50 
N2 54 1.90 ∙ 10–2 68 120 1.11 1.71 1.87 
N2 86 3.00 ∙ 10–2 56 120 0.97 1.95 2.22 
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1.2. However, this result is in accordance with Su et al. who used the same machine for their 

sputter depositions [136]. It was also observed that the nitrogen content reaches a maximum 

at a nitrogen gas flow of 31 sccm and increasing the nitrogen flow beyond 40 sccm does not 

further increase the nitrogen content of the films. The errors of the determined stoichiometry 

are in the range of 5 – 10 % and are calculated from the measurement errors of the 

experimental data. The reproducibility of the stoichiometry for a certain set of deposition 

parameters lies within the measurement error 

 

 

 

 

 

 

 

 

An increased Ar flow while using gas mixtures led to a decrease of the nitrogen content. 

Using a constant N2 flow of 16 sccm and increasing the Ar flow from 0 to 32 sccm lead to a 

reduction of the N/P ratio from 1 to 0.85. Increasing the partial pressure of Ar typically 

increases the deposition rate as the heavier Ar+ ions remove more material from the target 

surface but the two gaseous species compete for the ionization during the deposition and less 

nitrogen is incorporated into the films. However, in the present case the challenge was not 

to get thin–films with a high nitrogen content but to get films with a low nitrogen content. 

Even when using a mixture of N2/Ar of 4 sccm/200 sccm, the N/P ratio was still 0.42. As 

Figure 22: Influence of the gas flow during deposition on the N/P ratio (determined by XPS)  
                 of the „LiPON“ films. Up to 31 sccm, a higher nitrogen flow increases the  
                 nitrogen content in the films. Additional Argon during the sputtering decreases  
                 the nitrogen content of the films. The errors are in the range of 5 – 10 % and are  
                 calculated from the measurement errors of the experimental data. The  
                 reproducibility of the stoichiometry lies within the measurement error. 
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the Ar flow could not be further increased and reducing the N2 flow was not possible either, 

this stoichiometry is used as the nitrogen–poor sample.  

For the conductivity experiments, three different samples are compared: A nitrogen–free 

lithium phosphate film, a „LiPON“ film with a low nitrogen content and a „LiPON“ film 

with a high nitrogen content. For this comparison, the three compositions marked with bold 

letters in Table 4 are used. For further discussion, the nitrogen–free films will be denoted as 

LiPO, the films with a low nitrogen content will be denoted as LiPON–low and the films with 

a high nitrogen content as LiPON–high. It is pointed out that the major focus of this work is 

not to obtain films with very high conductivities or very high nitrogen contents and for such 

aims different deposition conditions may be needed. 

Deposition rate 

To estimate the thickness of the samples, the substrate was partially covered with a mask 

during the deposition and the film thickness was determined across one edge of the thin–

film via surface profiling. As the films have all been sputtered for the same time, the 

thicknesses can be compared and the differences can be related to the working pressures. 

Usually, the deposition rate is determined from depositing samples with different deposition 

times. In this case, multiple samples were deposited simultaneously and the thickness was 

determined via surface profiling of a partly masked substrate after each deposition. This 

ensures a more precise determination of the thickness. The thicknesses of the samples after 

2 h of sputtering are shown in Table 5. The deposition rate did slightly vary depending on 

the position of the sample on the sample holder. A more or less homogenous deposition 

could be achieved in a spot with a diameter of 2“. However, even for the same deposition 

parameters, the thicknesses typically varied by around 5 %. 

Table 5: Film thickness of the three „LiPON“ species after two hours. The thickness was  
                determined via surface profiling from each sample. Deviations from  
                inhomogeneous sputtering are around 5 %.  

Sample Thickness after 2 h / nm 

LiPO 1250  

LIPON–low 700 

LiPON–high 1650 
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The deposition rates are highly dependent on the pressure in the sputtering chamber during 

deposition. The lowest working pressure (LiPON–high) leads to the highest deposition rate 

and the highest working pressure (for LiPON–low) leads to the lowest deposition rate due to 

the deflection of the sputtered atoms, ions and molecules in the gas phase. 

Scanning electron microscopy 

Typical SEM images of „LiPON“ films are depicted in Figure 23. The left image shows the 

surface of a film after 8 min of deposition, the right image shows the surface of a film after 

2 h of deposition. Unsurprisingly, the roughness of the films corresponds to the deposition 

time. Thinner films have a smoother surface because less building defects during the 

formation of the film had the chance to form. However, there are spherical structures on the 

films and their number and size grew with the deposition time. These structures are not 

important for the application of „LiPON“ as an interlayer, when the thickness is supposed 

to be in the range of only a few nanometers but they could not be eliminated in this work 

(cf. chapter 3.3.1). A cross–sectional SEM image shows that the films are dense and have a 

homogeneous thickness (Figure 24). 

 

 

 

 

 

 

 

 
 
 
 
 

 

Figure 24: Cross–section of a „LiPON“ film on silicon. The film is dense and has a  
                   homogeneous thickness. The film appears in different shadings because  
                   breaking the substrate lead to a crooked cross–section. 

Figure 23:  Surface of a „LiPON“ sample after (left) 8 min and (right) 2 h of deposition.  
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Ionic conductivity  

Ionic conductivities were determined from impedance spectroscopy measurements and are 

shown in Table 6. The respective Nyquist plots can be found in Figure A 5 in Appendix C. 

A clear dependence of the conductivity with respect to the film stoichiometry can be 

observed: The higher the nitrogen content, the higher the resulting ionic conductivity. The 

nitrogen free lithium meta–phosphate (LiPO) has a conductivity of around 0.35 µS/cm, 

whereas the conductivity of nitrogen–added „LiPON“ films can reach up to 1.7 µS/cm. This 

behavior is in accordance with literature where the maximum conductivity of „LiPON“ is 

given as 3 µS/cm [126], [132]. However, if a certain nitrogen content is exceeded the 

conductivity decreases again, probably due to the formation of less dense films. 

 

Table 6: Deposition parameters and conductivities of the prepared „LiPON“ films. 

Name N2 flow / 
sccm 

Ar flow / 
sccm 

Pressure / 
mbar 

Stoichiometry Conductivity /  
µS cm–1 

LiPO 0 105 2.90 · 10—2 Li1.33PO2.75 0.35  

LiPON–low 4 200 5.50 · 10—2 Li2.29PO3.03N0.42 1.7  

LiPON–high 31 0 9.10 · 10—3 Li1.40PO1.50N1.23 1.4  
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4.1.2 Chemical analysis 
 

Chemical analysis of the films in their as deposited states by means of XPS reveals that all 

elements are present in their expected bonding states. In particular, the lithium signal (Li 1s) 

at 56 eV is symmetrical (cf. Figure A 8, Appendix D), suggesting that only one Li species 

exists in “LiPO(N)”. A shoulder on the high binding energy side of the oxygen signal (O 1s, 

Figure A 6 & A 7, Appendix D) can be attributed to bridging oxygen species Ob as expected 

for the glassy network structure of the films. Moreover, a small carbon signal (C 1s, Figure A 

9, Appendix D) was observed in all samples and reveals a surface contamination (< 5 at%) 

with hydrocarbons as well as with carbonate–like species although none of the samples had 

been exposed to the lab atmosphere before analysis. Consequently, these species also 

contribute to the shoulder of the O 1s signal at high binding energies.  

For all films phosphorous (P 2p signal) was present in mainly one chemical state, the 

phosphate group of the “LiPO(N)” network. To account for small discrepancies of the 

measured signals from the ideal Gaussian/Lorentzian shape of the photoemission lines, it 

was necessary to add a very small second component at lower binding energies. This 

contribution may originate from surface atoms with different binding situations. Due to the 

different chemical environment of the P–atom in “LiPO” and „LiPON“ the P 2p binding 

energy was observed at 134.0 eV (“LiPO”) or at 132.5 eV (LiPON–low, LiPON–high).  

As expected for the „LiPON“ samples, the nitrogen signal (Figure 25) consists of two main 

components: the doubly coordinated –N= and triply coordinated –N< at 398.0 eV and 

400.0 eV, respectively. The sample LiPON–high contains only a minor contribution of –N<. 

The dependency of the –N< fraction from the N/P ratio has already been observed in 

literature [142]. The higher the N/P ratio the lower the fraction of triply coordinated –N< 

and the higher the fraction of –N=. As the nitrogen content of LiPON–high is higher than 

most values reported in literature, also the fraction of –N= is higher than reported. In 

addition, also the Ob fraction is smaller in LiPON–high than in literature. This result suggests 

that Ob is preferentially replaced by nitrogen during thin–film formation. 
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4.1.3 SEI formation at the Li|“LiPON“ interface – in situ XPS 
 

To investigate the formation of the Li|”LiPO(N)” interphase, lithium metal was deposited 

stepwise on the “LiPO(N)” films in the XPS analysis chamber, each time followed by an 

acquisition step. For all samples, a similar behavior could be observed: Due to the high 

reactivity of Li metal, all elemental signals drastically change upon lithiation of the surface 

evidencing the formation of new species in the course of a solid–state reaction. 

Figure 25 shows the P 2p and N 1s detail spectra of “LiPO”, LiPON–low and LiPON–high 

for Li deposition times of 1080 s, 2160 s and 3240 s, and the as–deposited films. The C 1s 

detail spectra and the evolution of the O 1s and Li 1s signal of the three different samples 

can be found in Figure A 9 in Appendix D. In accordance with the observations from 

Schwöbel et al., the decomposition of “LiPO(N)” can be clearly observed: New components 

evolve in the P 2p spectrum. These components can be attributed to lithium phosphide (Li3P) 

as well as to lithium phosphate (Li3PO4) [14], [159] and to small amounts of partially lithiated 

phosphorous species (LixPy). For „LiPON“ samples, also the N 1s signal is heavily altered by 

the reaction: Triply coordinated P − N<P
P

 species disappear during the first deposition steps 

and a new component at low binding energies attributed to the formation of lithium nitride 

(Li3N) evolves. The oxygen signal undergoes similar changes as the component at high 

binding energies (bridging oxygen) vanishes first, accompanied by the formation of lithium 

oxide (Li2O). To summarize, the reaction of lithium with “LiPO(N)” causes the formation of 

an interphase (SEI) containing the respective binary compounds (Li2O, Li3N, Li3P) as well as 

LixPy and Li3PO4. 

 In contrast to previous works on the Li|“LiPON“ interface, the in situ XPS technique allows 

for a much more detailed analysis of the SEI formation: Firstly, due to intermittent Li 

deposition and XPS analysis, a “deposition profile” reflecting the interphase formation and 

– for the case that a thin and stable reaction layer is formed – the following attenuation of 

signals from the “„LiPON“ substrate” allows further insights into the chemistry and kinetics 

of the occurring reactions. Secondly, a systematic evaluation of the signal intensities of non–

reacting species can reveal the thickness of the formed SEI.  
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Deposition Profiles 

To further investigate the SEI formation process, profiles of the evolution of different species 

in the course of lithium deposition were created from the respective intensities obtained 

from peak fit analysis. In general, the deposition of any kind of material on a substrate leads 

to the attenuation of the photoemission signals of the substrate material. For cases where no 

reaction between substrate and surface layer takes place, the intensity of the substrate signal 

is diminished exponentially and can be described by a simple absorption law (Beer–Lambert 

law). This directly allows for the calculation of the thickness of a surface film [48]. Figure 26 

depicts the integrated intensities of the photoelectron signals from different SE and SEI 

species in dependence of the lithium deposition time. The y–axis has a logarithmic scale and 

easily allows the distinction between different reactions. If no reaction took place one would 

assume a linear decay of the intensities of the electrolyte species and an increase of the 

lithium metal intensity and – in the presence of water or oxygen in the deposition chamber – 

an increase of the Li2O signal.  

The reaction of the solid electrolyte with lithium metal should result in a decrease of the 

intensities of all signals attributed to the SE that are converted and covered by an overlayer, 

and the rise of signals attributed to reaction products. A superposition of these two processes, 

interphase formation and creation of an overlayer, will result in a curve with pronounced 

maximum prior to a final decay of the intensity. 

Indeed, for long Li deposition times all signals (besides oxygen, see below) are attenuated and 

it is clear that SEI formation is either finished and a stable interphase has formed or that 

reaction rates for further SE decomposition are too low to be observed within the time–frame 

of the experiment.  Interestingly, all profiles show a distinct behavior of the film growth. As 

can be seen in Figure 26, the evolution of the different SEI components of the “LiPO” film 

in contact with lithium does not happen simultaneously. Regarding the phosphorous species, 

a signal attributed to the formation of Li3PO4 arises first followed by a further reaction step 

toward Li3P [14]. The maximum intensity for Li3PO4 was observed after about 500 s of 

lithium deposition (dotted line) and for Li3P after 1200 s (dashed line) hinting at a layered 

structure of the SEI. As Sicolo et al. have shown by combining theoretical and experimental 

studies, „LiPON“ with an average stoichiometry of Li6P3O9N first decomposes by forming 

Li3PO4 before further reacting to Li3P [14]. This is probably related to the fact that LiPO films 
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are lithium deficient compared to the Li3PO4 and the deposition of Li helps to compensate 

this deficiency. In a second step, the surface of Li3PO4 then will decompose in contact with 

Li and form the binary compounds Li2O and Li3P. In Figure 26, it can also be seen that for 

longer lithium deposition times, the slope of the curves for different components are 

different. This is another indication that more than one reaction takes place. Whereas the 

reaction of Li3PO4 seems to be finished (the slope of P(Li3PO4) is almost the same as the 

slope of the P(LiPO) signal ), the slope of P(Li3P) is less steep, indicating that although the 

total intensity is attenuated by the evolving overlayer, more Li3P is formed. 

The examination for LiPON–low and LiPON–high shows similar results. Again, Li3PO4 is 

formed prior to Li3P. In addition, simultaneous to the reduction of „LiPON“ to Li3PO4 and 

Li2O, Li3N is formed. For LiPON–low – in contrast to the “LiPO” sample – the decay of the 

intensities already sets in after 600 – 900 s of lithium deposition and the formed interphase 

is expected to be thinner than that of “LiPO”. The reaction of LiPON–high happens for 

much longer Li deposition times: Not until lithium has been deposited for 2000 s, the 

intensities related to SEI species begin to decrease. Therefore, we conclude that the 

interphase on top of the nitrogen–rich sample is thicker than for the other two solid 

electrolytes. 

It is important to note that unavoidable water and/or oxygen impurities in the residual gas 

atmosphere of the vacuum chamber heavily affect the in situ XPS experiment and lead to the 

partial oxidation of the freshly deposited lithium metal. Most importantly, the interpretation 

of the oxygen signal is complicated as Li2O can either be formed as reaction product of Li 

and „LiPON“ or due to the reaction of “LiPO(N)” with H2O or O2 from the gas phase. This 

is reflected in the significantly less steep slope in the Li2O profile as well as in the O 1s spectra 

(see Figure A 7, Appendix D), which comprise an Li2O component with almost constant 

intensity even after long Li deposition times – confirming the re–oxidation of the Li film. 

Moreover, additional components from LiOH or from Li2O (reaction of Li with H2O or O2 

residual gas) contributing to the O 1s signal cannot be excluded. However, expected binding 

energy differences to signals from these species are too small to be resolved and, due to the 

blindness of (lab–scale) XPS for hydrogen, the existence of LiOH cannot be proven. The 

incorporation of oxygen can also cause difficulties in determining the SEI thickness and the 

lithium deposition rate of lithium (see sections below): If instead of pure lithium metal a 
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mixture of lithium and lithium oxide is deposited on top of the electrolyte, not the entire 

lithium layer can contribute to the interface reaction. Consequently, the data evaluation will 

reveal a smaller growth rate than expected because more lithium is needed to achieve a 

certain SEI thickness. Secondly, lithium oxide with its poor transport properties can lead to 

a passivation of the SEI and impede the SEI growth. If that happens, even electrolytes that 

would undergo full decomposition in contact with lithium metal might be stabilized. 

Nevertheless, being aware of these external influences, the contribution of additional Li2O 

can be corrected by a careful data treatment, and a reliable interpretation of the data is still 

possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Change of the intensities of SE and SEI signals as a consequence of the step–wise  
                  deposition of lithium in dependence on the deposition time. Substrate signals  
                  are shown as empty data points. The dotted line depicts the maximum intensity   
                  of P(Li3PO4) the dashed line depicts the maximum intensity of P(Li3P).
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The time–dependent evolution of the relative fractions of different phosphorous and 

nitrogen species reveals further interesting insights on the reaction. Figure 27 shows the 

evolution of the phosphorous signals of the three different samples. In the beginning, almost 

exclusively P(LiPO(N)) can be found as no reaction took place yet. Directly after the first Li 

deposition step the P(LiPO(N)) signal decreases and the P(Li3PO4) signal increases. The 

formation of Li3P sets in later. As can be seen, the P(Li3PO4) signal results in a constant 

fraction after 1000 s of lithium deposition whereas the P(LiPO(N)) signal decreases 

continuously and the Li3P signal increases. This finding suggests that Li3PO4 is formed from 

“LiPO(N)” and then, upon further lithiation, Li3PO4 is transformed into Li3P. At the same 

time the formation of Li3PO4 continues. The reduction of Li3PO4 to Li3P seems to occur 

without large amounts of intermediate products as the fraction of partially reduced LixPy 

remains very small (< 3 %). The same observations can also be made for the nitrogen–

containing „LiPON“ samples. The Li3PO4 formation always occurs prior to the formation of 

Li3P. However, for the nitrogen–containing samples, a constant ratio of the different 

phosphorous species is achieved after 3000 s of lithium deposition. Note, that only the 

absolute intensities of all signals decrease (compare Figure 26) and that, once the relative 

ratio of different phosphorous species is constant, no further decomposition of the 

electrolyte or SEI formation occurs. This finding suggests that the SEI formation ceases and 

the lithium|electrolyte interphase is passivated.  
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In addition to phosphorous, also the change of the relative intensities of nitrogen is 

interesting (Figure 28). Exemplarily shown for LiPON–high, the relative intensities of Nd, Nt 

and N(Li3N) also change upon lithiation. In the case of LiPON–high, the initial Nt signal 

vanishes instantly after the beginning of the lithium deposition. Also Nd decreases but Li3N 

is formed. It is interesting to note that the relative fraction of N(Li3N) begins to cease around 

the time when the Li3PO4 formation reaches a constant value, suggesting that the 

decomposition of „LiPON“ stops.  

 

 

 

 

 

 

 

 

 

 

 

Thermodynamic considerations 

The thermodynamic driving force for the reaction is the Gibbs free enthalpy 

ΔrG = ΔrH—TΔrS.     (23) 

The entropy is a function of the heat capacity at either constant pressure or constant volume:  

 S =∫ 𝐶𝑝 
𝑇

0
dlnT     S = ∫ 𝐶𝑉 

𝑇

0
dln T    (24) 

In the case of solid state reactions between lithium metal and the electrolyte or interlayer, no 

gases are formed or consumed. The molar heat capacity of solids is determined by their 

degrees of freedom and can be estimated as 3 R (≈ 24 
J

mol ∙K
), with R being the universal gas 

constant. Therefore, it can be assumed that the change of the entropy during the reaction is 

Figure 28: Evolution of the relative fractions of nitrogen species in LiPON–high. 
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small compared to the change of the enthalpy and that the entropic contribution to ΔG is 

negligible. In the present study only the molar standard formation enthalpies ΔfHm
0 are used 

for judging the plausibility of a reaction.  

The thermodynamic driving forces for the reactions of “LiPO(N)” in contact with lithium 

can easily be estimated if the heats of formation of the products and educts are known (Table 

7). For the estimations of the reaction enthalpies, the calculated values from [160] and [161] 

were used and compared to the species that come closest to the stoichiometry of the three 

films examined in this work.  

Table 7: Standard heats of formation (from the elements); adapted from [160] and [161]. 

 𝚫𝐟𝑯𝐦
𝐨  [kJ/mol] 

Li 0 

β–Li3PO4 —2048.4  

Li2O —588.6 

α–Li3N —154.4 

Li3P —334.8 

LiPO3 —1230.2 

Li2.5PO3N0.5 —1608.4 

Li2PO2N —1165.5 

 

As described above, a time–delayed formation of Li3P compared to the formation of Li3PO4 

can be observed. Consequently, this observation suggests a two–step reaction. The first step 

is the reaction of LiPO3 to Li3PO4. 

4 LiPO3 + 8 Li → 3 Li3PO4 + Li3P     (25) 

The second step is the subsequent decomposition of Li3PO4 to Li3P and Li2O.  

3 Li3PO4 + 24 Li → 3 Li3P + 12 Li2O     (26) 

Although Li3P is already formed in the first step, the amount of formed Li3PO4 is higher and 

the intensity of the Li3PO4 signal (Figures 26 & 27) shows a steeper increase. When, in a 

second step, Li3PO4 is decomposing into Li3P and Li2O, the intensity of the phosphate signal 

decreases and the intensity of Li3P further increases. The heat of formation for these reactions 
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can be calculated according to ∑ υi∙ΔfHm,i
o

i . The resulting heat of formation is —3481.6 kJ  

(—1559.2 kJ for the first step and —1922.4 kJ for the second step), or —870.4 kJ per mole 

LiPO3, clearly indicating the driving force of the reaction. 

The same calculation for LiPON–low (with a simplified stoichiometry Li2.5PO3N0.5) leads to 

a decomposition into Li3PO4 and Li3N:  

4 Li2.5PO3N0.5 + 8 Li → 3 Li3PO4 + Li3P + 2 Li3N    (27) 

This reaction is followed by the decomposition of Li3PO4 according to equation 26. In total, 

a heat of formation of —2277.6 kJ (≅ —569.4 kJ/mol) is calculated. This value is still a large 

driving force for the decomposition of „LiPON“, however, the heat of formation for the first 

step is only —355.2 kJ, and therefore much smaller than for pure Li3PO4 in contact with 

lithium.  

The decomposition of LiPON–high (here simplified to Li2PO2N) in contact with lithium 

metal can be described by the following reaction: 

2 Li2PO2N + 8 Li → Li3PO4 + Li3P + 2 Li3N,     (28) 

resulting in a heat of formation of —361 kJ. This first step is followed by the decomposition 

according to equation 26, resulting in a total heat of formation of —1001.8 kJ (—500.9 kJ/mol 

with respect to Li2PO2N). So regardless of the stoichiometry, all reactions have a 

thermodynamic driving force to happen spontaneously and a conversion of „LiPON“ into 

the binary compounds should occur in contact with lithium. 

The XPS results suggest that a two–step reaction can be formulated although 

thermodynamics dictate a favored formation of the binary lithium compounds, also 

determined from first principles calculations carried out by Zhu et al. [47]. However, the 

thermodynamically favored reaction might be limited by kinetic factors and the results of the 

in situ XPS experiment must not necessarily describe the SEI formation in a real battery.  

The amount of lithium that is deposited on the sample during each step is limited, whereas 

in a real battery the lithium anode can be seen as an endless lithium reservoir. The amount 

of lithium should therefore have an influence on the interface reactions and a limited lithium 

reservoir should not support a reaction that consumes a lot of lithium. Therefore, in the case 

of the in situ experiment, the formation of Li3PO4 is favored over the formation of the binary 
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compounds because it requires more lithium and the Li3PO4 formation sets in earlier. Only 

when after multiple lithium deposition steps enough lithium is present, Li3PO4 can be 

converted into the binary compounds. In a real battery system, the amount of Li3PO4 may be 

smaller than found during the XPS experiment. As lithium always needs to diffuse from the 

lithium metal anode into the electrolyte and is steadily hindered by the limited transport 

properties of the continuously growing SEI, it can still be expected to find a lithium–poor 

Li3PO4 layer in batteries with „LiPON“ electrolyte. 

 

Calculation of the SEI thickness 

After clarifying the chemical reactions in the course of SEI formation, the thickness of the 

reaction layer is addressed. The evaluation of the thickness of a thin overlayer on a substrate 

by XPS is a routine procedure, e.g. [162], in microelectronics (thickness of SiO2 layer on Si) 

and has also been extensively studied for oxidation or surface passivation of other materials 

[139]–[148]. These methods are based on the intensity ratio of the substrate signals and 

overlayer signals but have different presumptions. While some consider a single layer on top 

of a substrate with homogeneous composition, others like the model from Lubenchenko et 

al. consider the formation of a multilayer system with varying composition [163]. These 

multilayer considerations are of particular interest in the case of the oxidation of a metal 

where a stepwise oxidation takes place. In this case the oxygen content changes across the 

interphase and the metal cations exist in different oxidation states. Depending on the system 

that is examined, the assumption of a multilayer comprises a few, several nanometers thick 

layers with distinct differences or the summation of many layers with infinitesimal 

differences, leading to slight deviations of the determined thicknesses. In addition to the 

examination of multilayered systems, which are predominantly used for the monitoring of a 

reaction, also angular–dependent photoelectron spectroscopy can be performed to 

distinguish between the topmost surface–layer signals and signals from underneath. The 

change of the angular dependent signal intensities can be used to examine already formed 

reaction layers.  

For the following analysis some simplifying assumptions have been made: Firstly, the 

substrate (here the SE) is assumed as homogeneous and semi–infinite with an atomically flat 
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surface. Therefore, any effects of surface roughness and compositional inhomogeneities are 

neglected. Moreover, for each deposition step the growing SEI overlayer is considered to be 

perfectly flat and as a homogenous mixture of its components. Assuming a thin overlayer 

with thickness d on a solid electrolyte substrate (SE), the intensities of the respective 

photoelectron signals of the elemental transition from a given subshell i from substrate (𝐼i, SE) 

and transition j from overlayer (𝐼j,SEI) can then be calculated as 

Ii, SE = Ii,SE
∞  ∙ exp (

– d

Li, SEI
)            (29) 

Ij,SEI = Ij,SEI
∞  ∙ [1– exp (

– d

Lj,SEI
) ]               (30) 

with Li,j, SEI =EALi, j,SEI(KE)∙ cos ϑ     

EALi, j,SEI(KE) = energy–dependent effective attenuation length of photoelectrons from 

transition i or j in the SEI,   

ϑ = photoelectron emission angle with respect to the surface normal (here 𝜗 = 45°).  

Ii, SE
∞  and Ij, SEI

∞  denote signal intensities for the respective materials assuming infinite 

thickness and can be calculated as 

Ii, SE/SEI
∞  = σi ∙ Ni,SE/SEI ∙ EAL

i, SE/SEI
(KE) ∙ cos ϑ ∙ Jhυ ∙ T(KE)      (31) 

The factors contributing to the signal intensities can be grouped to those affected by 

instrumental properties (Jhυ: X–ray flux density, T(KE): energy–dependent transmission 

function of the analyser), to those being governed by the transition itself (σi: elemental 

photoionization cross–section for transition i) and to sample dependent factors (Ni,SE/SEI: 

number of atoms of element i, EALi, SE/SEI(KE)∙ cos ϑ: effective attenuation length for 

electrons of elemental transition i in the respective material). The number of atoms Ni can 

be calculated from the molar volume Vmol and the atomic concentration Xi. 

In the following the signal intensities of the P 2p signal of different P–species from SE and 

SEI are used to calculate the SEI thickness as P solely originates from the solid electrolyte 

film and is not present in the chamber atmosphere. In this case i = j = P 2p and the energy 

dependence of the EALs can be neglected (Li, SEI=Lj, SEI=L P 2p,SEI) 

To extract d from equation 30, the ratio of both intensities can be used.  
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ISEI

ISE
= 

ISEI
∞

ISE
∞  ∙ 

[1 — exp(
— d

LP 2p, SEI
)]

exp(
— d

LP 2p,SEI
)

            (32) 

After rearranging, the thickness d can be calculated according to [164] and [165]: 

 d  = LP 2p,SEI ∙ ln (
ISE
∞

ISEI
∞  ∙ 

ISEI

ISE
+ 1)       (33) 

 

with  
ISEI
∞

ISE
∞ = 

NP 2p, SEI

NP 2p, SE
∙

LP 2p, SEI

LP 2p, SE
=

Vmol, SE

Vmol, SEI
∙

XP,SEI

XP, SE
∙

LP 2p, SEI

LP 2p, SE
 

 d = LP 2p,SEI ∙ ln (
Vmol, SEI

Vmol, SE
∙

XP, SE

XP,SEI
∙

LP 2p, SE

LP 2p, SEI
∙

ISEI

ISE
+ 1)      (34) 

The values Vmol, SE, Xi, SE, and Li, SE depend on properties of the SE and are assumed to be 

constant for each SE sample in the course of the experiment. However, Vmol, SEI, Xi, SEI, and 

Li, SEI are functions of the SEI composition and change in the course of the experiment.  This 

equation is also valid for intermediate layers as in the case of an SEI between solid electrolyte 

and electrode. Equation 34 now allows for the calculation of the SEI thickness after each 

deposition step.  

According to the results of the chemical analysis the SEI has to be described as a complex 

multi–component composite with increasing Li concentration toward the surface and with 

the lowest Li content at the SEI|SE interface. Moreover, the average molar volume of the 

SEI will obviously differ from that of the SE. Depending on the chemical nature of the SEI 

species, the interphase formation leads to a contraction or expansion of the material. Finally, 

for each subsequent deposition step, electrons from SE and SEI are attenuated differently. 

The available data do not allow to determine a precise stoichiometry of the formed SEI as 

species close to the surface will always be detected with a higher intensity than species below. 

Moreover, additional surface species lead to an overestimation of the Li2O content. Also the 

energy dependence of the EAL can lead to different relative intensities of the various reaction 

products and to a misinterpretation of the data. To address these complications, some 

assumptions can be made as SEI thickness and EALs for the relevant signals are both in the 

same range (2 – 3.5 nm): Firstly, an average SEI signal intensity is calculated as sum of the 

photoemission intensities from the respective species (Li3PO4 + LixPy+ Li3P) resulting in a 
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single value for the SEI thickness. Moreover, this average SEI composition can be used for 

calculating Vmol, SEI, Xi, SEI, and Li, SEI.  

Figure 29 shows the evaluation of the SEI thickness in the course of Li deposition for all 

samples. Three main observations can be made at this point: 

- The SEI thickness is about 2 – 3.5 nm for all samples (similar to Li7P3S11 [78]). 

- The SEI thickness reaches a constant value (in the timeframe of the measurement, 

less than one day). 

-  LiPON–high forms a thicker SEI than the other two samples. 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: SEI growth in dependence of the deposition time for the different “LiPO(N)” 

films. 

 

It must be pointed out that dSEI as determined by in situ XPS describes the lower limit of the 

thickness and that the real SEI might be thicker. According to Wenzel et al. the in situ XPS 

experiment can only be used when the kinetics of the reaction fulfill certain requirements. 

The kinetics of the experiment must be either very fast, so that the reaction is already 

completed when the measurement step after lithium deposition starts or the kinetics must 

be very slow so that no change of the sample occurs until the measurement is finished [48]. 
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However, as the experiment consisted of subsequent lithium deposition and analyzing steps, 

the reaction between the electrolyte and lithium does not necessarily have to be finished 

during the analyzing step and might still proceed during the measurement if enough lithium 

is present. To clarify whether the decomposition is an ongoing process, one would have to 

perform several measurements with different analyzing times between each lithium 

deposition step and see whether the intensity ratio changes over time.  

 

Estimation of Li thickness 

The in situ experiment also allows to calculate the Li deposition rate by applying equation 29 

on the intensity of the attenuated SE and SEI signals, which can be used as internal reference. 

Note that the calculated deposition rate is much more sensitive to various instrumental 

parameters (e.g. slight changes in the experimental geometry, instabilities of the ion gun, 

residual atmosphere in the UHV chamber) than the determined SEI thickness and has to be 

calculated for each experiment. In particular, additional Li2O species in the overlayer (see 

above) need to be taken into account. Figure 30 shows the total P 2p signal intensity on a 

logarithmic scale plotted against the Li deposition time for all samples. 

 

As can be seen best for LiPON–low, for each sample the signal attenuation curve can be split 

into two regions with different slopes. The first region corresponds to the formation of the 

SEI (i.e. transformation of P(LiPO(N)) to P(Li3P) and P(Li3PO4) and to the simultaneous 

damping of the unaffected SE signal by the growing SEI layer. In the second region the 

reaction is finished and the SEI reaches a constant composition. Here, further damping of 

the intensity of both SE and SEI phosphorous species is caused by the growth of the Li layer 

on top of the SEI, resulting in a rate of  

rmix = m ∙ LOverlayer     (35) 
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Figure 30: Attenuation of total P signal. Once the SEI has reached a stable thickness, the  
                  slope of the curve can be used to calculate the deposition rate of the Li/Li2O  
                  overlayer. 

 

The average effective attenuation length of the overlayer can be calculated from its 

stoichiometry (Table 8). In equation 35, m is the slope of the photoemission intensities for 

all P species. The thereby determined value rmix is the deposition rate of the Li/Li2O mixture, 

which now needs to be corrected for the Li2O component. For long deposition times, this 

mixture has a constant composition of XLi2O = 20 – 25 mol% as determined from the ratio 

of the intensities of the O 1s signal of Li2O and the total Li signal. This ratio was calculated 

as an average value from data recorded from 3000 s of Li deposition time until the end of 

the measurement, assuming that at this point mainly the overlayer contributes to the signal. 

Consequently, the damping of the P 2p intensity is also caused by both Li and Li2O. It has 

to be noted that the EALs of O 1s and Li 1s are different. Therefore, the damping of the 

intensity caused by these components is different. In the case of “LiPO” and LiPON–low 

where a thick overlayer is assumed, these difference lead to negligible errors of the SEI 

composition and growth. In the case of LiPON–high, where the reaction proceeds longer 

than for the other two samples, the overlayer is thinner and therefore the different EALS in 
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the overlayer may cause a bigger error. However, this error may be smaller than the error of 

the SEI stoichiometry derived from the data fitting.  

Table 8: Mol percentage of Li2O in the lithium overlayer calculated from the Li2O(O 1s) 
               and (Li 1s) signals after 3000 s of Li deposition time till the end of the  
               measurement;  and average EAL thereof. 

Material mol% Li2O EALP 2p ∙ cos 45° / nm 

“LiPO” 17.9 3.33 

LiPON–low 17.2 3.34 

LiPON–high 21.9 3.27 

 

From rmix and XLi2O, the growth rate of pure Li metal can be calculated. The volume fractions 

of the overlayer components can be calculated from the molar fractions with 

XLi2O, = 
ILi2O(O 1s)

ILi(total)
, the ratio of the intensities of the O 1s signal of Li2O and the total Li signal.  

The approximation via the oxygen signal is necessary because the intensity of the Li signal is 

too small to be fitted with multiple signals and to determine the fraction of Li(Li2O). 

The damping of the P 2p intensity is caused by both Li and Li2O and the growth rate in 

equation 35 is the growth rate of the Li2O/Li layer. From this value, the growth rate of pure 

Li metal can be calculated. The volume fractions of the overlayer components can be 

calculated from the atomic fractions using the molar volumes VM,i: 

 VLi2O = XLi2O ∙ VM,Li2O      (36) 

 Vtotal = VLi2O+ VM,Li ∙ (1–XLi2O) = VLi2O + VLi      (37) 

A certain amount of the growth rate rmix is caused by Li2O 

rmix = rLi + rLi2O,      (38) 

with 

  rLi2O = 
VLi2O

Vtotal
∙ rmix       (39) 

Combining (34),(37) and (38) leads to  

rLi = rmix – rLi2O= rmix – 
VLi2O

Vtotal
∙ rmix = m ∙ LOverlayer ∙ (1– 

VLi2O

Vtotal
) ∙ 60s/min = rLi,late   (40) 

Adding the factor 60s/min results in a more convenient growth rate per minute. As discussed 

above, the thermodynamic driving force for the reaction between lithium and the electrolyte 
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is bigger than for the reaction of lithium and oxygen or water. The formation of Li3PO4 (and 

Li3N) out of “LiPO(N)” is thermodynamically more favorable than the formation of Li2O 

from the elements (Table 7). If the formation of Li2O and/or LiOH is due to the reaction of 

lithium with water in the deposition chamber, the resulting reaction enthalpy is –303.0 kJ 

and the reaction with the chamber atmosphere instead of the electrolyte should be even less 

favorable. Therefore, it can be concluded that the reaction rate for forming Li2O from 

residual oxygen in the chamber atmosphere will be negligible as long as impinging lithium 

can instantaneously react with the electrolyte surface. As a consequence, lithium that would 

form Li2O for higher deposition times will react with the electrolyte at the beginning of the 

experiment. Therefore, the deposition rate of active lithium will be higher for the first 

deposition steps and the rate needs to be corrected. As the overlayer consists of x mol% Li2O 

and (100 – x) mol% Li, and for each Li2O molecule two lithium atoms are needed, the total 

fraction of Li is therefore (100 – x + 2 x) % = (100 + x) % of the value determined via XPS, 

leading to a correction factor of 
100 + x 

100 – x 
 for the lithium deposition rate at the beginning of the 

experiment.  

rinitial = rlate ∙ 
100 + x 

100– x 
      (41) 

In the intermediate region where the kinetic limitation of the SEI formation starts to decrease 

the deposition rate of active lithium, an average deposition rate will be between the values 

from equation 40 and equation 41. A precise value cannot be calculated, leading to a slightly 

erroneous value of the total lithium thickness.   

For a precise determination of the thickness of the lithium layer, it is important to determine 

the time after which a transition from the initial to the late deposition rate sets in. A helpful 

indicator for this transition point is the ratio of total intensities of the oxygen and 

phosphorous signals in the course of the in situ experiment (Figure 31). Without additional 

oxygen from the residual atmosphere, this ratio should be constant in SE and SEI. Additional 

oxygen, however, will form Li2O on top of the sample whereas all phosphorous species stem 

from SE and SEI and their signal intensities are attenuated once the top–layer begins to form. 

Consequently, the O/P intensity ratio reacts extremely sensitive to the formation of 

additional Li2O as can be seen in Figure 31. 
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In this figure, it can be seen that the ratio is almost constant during the first 600 s of lithium 

deposition time before increasing to a ratio of almost 10. In the beginning all lithium directly 

reacts with „LiPON“ and no oxygen from the atmosphere is trapped. Minor changes of the 

ratio are attributed to parts of lithium oxide that originate from the oxidized surface of the 

lithium foil that was used for lithium deposition. The following increase of the O/P ratio is 

due to the subsequent formation of additional Li2O (whose intensity is proportional to 

(1 — e—d)) due to kinetic limitations caused by the growing SEI and the exponential decay of 

the P intensity that is buried under Li2O. To summarize, the increase of the O/P ratio sets 

in at the time when the interphase growth of the sample LiPON–high changes from a 

reaction–controlled mechanism to a diffusion–controlled mechanism as will be discussed 

below in further detail.  

 

 

 

 

 

 

 

 

 

After SEI formation, the Li metal film is partly oxidized by oxygen or water traces and for all 

samples an average composition and an average electron attenuation length could be 

determined. The values are summarized in Table 9.  

Figure 31: Evolution of the O/P intensity ratio of the LiPON–high sample depending on  
                  the lithium deposition time. The ratio starts to increase when the reaction– 
                  controlled interphase formation turns into a diffusion–controlled process and  
                  lithium has enough time to trap water from the chamber atmosphere. Note that  
                  this ratio does not describe the elemental composition as O and P signals stem  
                  from different depths leading to much higher intensities from surface–near  
                  species (Li2O) compared to signals from the SE and SEI.  
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For the calculation of the average effective electron attenuation lengths of the SEI, the 

average SEI composition is required. The average SEI composition determined from XPS 

measurements will always be erroneous, as the information depth during each measurement 

step is bigger than the SEI thickness created during the previous Li deposition step. At short 

deposition times and very low SEI intensities, the ratio is adulterated by the high intensity of 

the electrolyte signals. After long deposition times, the incorporation of additional Li2O 

falsifies the results. For that reason, the average EALs were calculated from the ratio of SEI 

signals at Li deposition times of 540 s – 1080 s. As the ratio of LiP is always < 3 %, it is 

neglected in these calculations.  

Table 9: SEI composition, electron attenuation lengths of different SEI species and average  

              values of the interphases calculated from the data after 540 s – 1080 s of lithium  

              deposition time. 

 

The EAL is always dependent on the emission angle 𝜃 and therefore subject of the respective 

XPS machine. The values given in Table 9 are corrected by the emission angle of the machine 

used in this work. The EAL for the three different SEIs are quite similar. The differences of 

the stoichiometry are small as oxygen is only replaced by nitrogen when the stoichiometry is 

changed. The main difference is caused by the variable amount of Li3PO4 that is formed and 

the average EAL is always in between the values of Li2O and Li3PO4. To evaluate the 

plausibility of these estimations, it is necessary to compare the obtained values to the 

Species 𝐎𝐋𝐢𝟐𝐎 

 

𝐏𝐋𝐢𝟑𝐏𝐎𝟒
 

 

𝐏𝐋𝐢𝟑𝐏 

 

𝐍𝐋𝐢𝟑𝐍 

 

LiLi 

 

EALP 2p ∙ cos 45° / nm 2.29 2.41 2.29 2.28 3.59 

Vol%LiPO 32.4 51.2 16.4 0 0 

Vol%LiPON–low 37.0 43.0 9.9 9.2 0 

Vol%LiPON–high 18.3 51.5 10.5 19.6 0 

 

EAL SEILiPO  2.35    

EAL SEILiPON–low  2.34    

EAL SEILiPON–high  2.35    
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theoretical maximum SEI thickness obtained after the deposition of a certain amount of 

lithium.  

 

Estimation of the theoretical SEI thickness 

As long as the thermodynamic driving force of the decomposition does not change, and as 

long as the decomposition is a reaction–controlled or interface–controlled reaction, the SEI 

growth should proceed with a constant rate. However, from Figure 29 it is clear that the 

growth rate is limited. If the assumption is made that the overall difference of the chemical 

potential of lithium ΔµLi between the substrate (silicon) underneath and the deposited 

lithium metal does not change during the experiment, the decrease of the growth rate must 

be caused by kinetic limitations. A simple calculation can be used to estimate a thickness of 

the formed SEI between “LiPO(N)” and lithium for the case of an unlimited growth (i.e. all 

Li reacts; see Appendix E). This estimation requires a few assumptions: The volume change 

is only one–dimensional and all participating compounds have the theoretical density of 

100 %. If the density of the real SEI is lower (which is very likely), the calculation might 

slightly underestimate the SEI thickness. In addition, two different boundary conditions 

need to be regarded: i) Li3PO4 does not decompose into the binary compounds (only 

equations 25, 27 and 28 are valid). ii) Lithium phosphate fully decomposes into the binary 

compounds (equation 26). Considering the amount of lithium that is needed to completely 

transform “LiPO” into Li3PO4 and Li3P the calculation leads to a 0.41 nm thick reaction 

layer if 1 nm of Li reacts with “LiPO” in a stoichiometry as shown above.  

If in a second step Li3PO4 reacts to Li3P and Li2O, 1 nm of Li should lead to a 0.79 nm thick 

reaction layer.  The same calculations for LiPON–low and LiPON–high lead to the SEI 

thicknesses summarized in Table 10. 

When only Li3PO4 is formed, the SEI growth per nm Li depends on the nitrogen content of 

the thin–film. The more oxygen is replaced by nitrogen, the smaller is the amount of Li3PO4 

that is formed and the higher is the amount of Li3P and Li3N. The sum of the molar volumes 

of Li3P and Li3N is bigger than the molar volume of Li3PO4, therefore, the interface gets 

thicker. Forming the binary species requires a lot more volume resulting in a thicker 

interphase. Interestingly, the theoretical growth rate of the SEI shows no linear dependence 
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on the nitrogen content. Although Li3N has a higher volume than Li2O it also needs more 

lithium per molecule, so with each nanometer of lithium, less SEI is formed. However, the 

theoretical thickness of the SEI of a nitrogen–containing sample is always higher than that 

of the nitrogen–free sample.  

Table 10: Interphase growth per nanometer lithium for the different “LiPO(N)” samples. 

 

 

 

 

Figure 32 shows a comparison of the theoretical thickness (unlimited growth) of the SEI of 

the three different samples and the measured values. Without kinetic limitations (i.e. a mixed 

conducting interphase is formed) the SEI grows linearly with the amount of deposited 

lithium either due to the formation of Li3PO4 (dark blue line) or due to the formation of the 

binary compounds (light blue line). At the beginning of the experiment, the real thickness is 

close to the value that is expected for a complete reaction into the binary compounds and 

increases linearly. For “LiPO” the growth decelerates after the deposition of roughly 1 nm of 

lithium. The growth rate slows down even earlier for LiPON–low. The SEI growth of 

LiPON–high follows a linear trend for almost 4 nm of lithium deposition. Whereas the 

results for “LiPO” and LiPON–low are in good agreement with the respective theoretical 

values, the SEI growth rate of LiPON–high is slightly higher than predicted.  

However, after depositing around 5 – 6 nm of lithium, the SEI reaches a constant thickness 

for all three samples. In the case of “LiPO” and LiPON–low, a 2 – 2.5 nm thick SEI has 

formed, in the case of LiPON–high, the SEI is more than 3 nm thick.   

Deviations of the measured SEI thickness from the theoretical one at low dLi are most likely 

due to some of the assumptions that were made to calculate the theoretical thickness. 

According to equations 25, 27 and 28, the films should first form Li3PO4 before decomposing 

into the binary compounds and the growth rate should be smaller than observed. However, 

the theoretical estimation assumes a theoretical density of 100 % whereas the uncontrolled 

 

Formation 

of Li3PO4 

Formation of Li3P, Li3N, 

Li2O 

LiPO 0.41 nm 0.79 nm 

LiPON–low 0.51 nm 0.86 nm 

LiPON–high 0.64 nm 0.81 nm 
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decomposition will most likely lead to a less dense SEI layer. This assumption will then lead 

to a slight underestimation of the SEI thickness.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32: Comparison of the theoretical and practical interphase growth in dependence of  
                  the deposited lithium thickness for the different LiPO(N) samples. Solid dark  
                  blue line: Theoretical thickness of an SEI consisting of only Li3PO4 (and Li3N). 
                  Light blue line: Theoretical thickness of an SEI consisting of Li3N, Li3P and Li2O. 
                  Error bars: Errors determined from XPS measurements. 
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The shape of the plots in Figure 32 suggests a limitation of the growth rate. For a continuous 

SEI growth according to equations 25 – 28, the presence of lithium metal at the interface is 

necessary. Only if both lithium ions and electrons are present, a reaction can occur. At first 

lithium is in direct contact with lithium metal and a thin reaction layer can form. As soon as 

this layer is formed, the reaction can only proceed if lithium metal can cross the SEI and get 

in contact with the electrolyte. The reaction can therefore only proceed if both lithium ions 

and electrons cross the SEI. As the growth rate declines, one can assume that the transport 

of the charge carriers is hampered by the SEI and the different onset of the growth limitation 

in the three different samples suggests that the stoichiometry of the electrolyte and the SEI 

influence the transport properties of the SEI.  

If it is assumed that according to Wenzel et al. [78] the molar flux of lithium as neutral 

compound jLi depends on (in case of diffusion control) [166] 

jLi= 
σe—  ∙ σLi+

F2 (σe—+ σLi+)
∙ ∇µLi      (42) 

with both electronic as well as ionic conductivity 𝜎e− and 𝜎Li+  of the interphase components, 

the Faraday constant F and the gradient of the chemical potential of lithium ∇µLi across the 

SEI with the thickness dSEI, this flux is limited by the conductivity of the minority charge 

carriers; in the case of a passivating SEI the electrons. Although the ionic conductivity of the 

major SEI components differs by several orders of magnitude, jLi will not lead to a significant 

SEI growth rate as long as σe— ≪ σLi+ for the average SEI compositions of the LiPO(N) 

samples.  

The binary compounds formed during the reaction of the electrolyte and Li (Li2O, Li3N) are 

known as poor electronic conductors (for Li3P no reliable data can be found). Electronic and 

ionic conductivities of the interphase components are given in Table 11. If only lithium ions 

are mobile in the SEI, the lack of electrons leads to a ceasing of the SEI formation. The 

thicker the SEI gets, the more hampered the transport process will be. That behavior is 

typically described using a parabolic growth mechanism [166]. 
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Table 11: Conductivities of the main SEI components. 

†depending on the hydrogen content in Li3N.  

 

Reliable conductivity values are scarcely reported in literature, especially for the electronic 

partial conductivities in lithium electrolytes. However, one can relate the interphase growth 

to the transport properties of the SEI components. Two different cases need to be 

distinguished: 

i) Li2O is the major component of the SEI (for “LiPO”). The reduced conductivity 
σe—  ∙ σLi+

 (σe—+ σLi+)
 is 

determined by its conductivity and for this system the ionic conductivity lies at around 

1.5 ∙ 10–9 S/cm. As can be seen in Figure 32, especially the oxygen content of the films plays 

an important role in the formation of the interface and has a big influence on the thickness 

of the SEI. The sample LiPON–low has a very high initial oxygen content and its SEI an 

initial Li2O fraction of 37 vol%, calculated from the signals obtained after 540 s – 1000 s of 

Li deposition compared to 32.4 vol% for “LiPO” and 18.3 vol% for LiPON–high. The high 

Li2O content leads to a rapid kinetic limitation of the SEI growth and to deviations from the 

theoretical SEI thickness already after the second lithium deposition step. For the other 

samples, the limitation sets in after longer lithium deposition times because the initial Li2O 

formation is weaker than for LiPON–low.  

ii) Li3N and Li3P form a percolating network and determine the transport properties of the 

SEI (LiPON–high). Here the ionic conductivity is in the range between (10—4 — 10—3) S/cm. 

The electronic conductivity depends on the amount of hydrogen present in the system and 

can vary between 10—12 and 10—4 S/cm. In this work, reliable assumptions on the hydrogen 

content of Li3N cannot be made but if it is assumed that incorporation of hydrogen into 

Material 𝝈𝐢𝐨𝐧 / S cm–1 Ref 𝝈𝐞𝐥 / S cm–1 Ref 

Li3PO4 6∙10–8 [141] 10–15 – 10–14 [136], [167] 

Li2O 1.5∙10–9 [168] 10–13  

Li3P 10–4 [53] –  

Li3N 10–4 – 10–3 [74], [140], 

[141], [152], 

10–12 – 10–4 † [83], [150], 

[151], [169] 

LiP Insulator [53] –  
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„LiPON“ during the thin–film preparation occurs, and the hydrogen induces an electronic 

conductivity. The higher amount of Li3N and Li3P in the sample LiPON–high explains the 

thicker interphase. The higher partial electronic conductivity of Li3N leads to a stronger 

interphase growth compared to “LiPO” or the sample with less nitrogen.  

Taking the stoichiometry of the samples from Table 4, it can be found that after a full 

conversion of the electrolyte into the binary lithium compounds, the samples “LiPO” and 

LiPON–low contain 44 vol% and 52 vol% of highly conductive Li3N and Li3P, respectively. 

The volume fraction of Li3N and Li3P in LiPON–high is around 67 vol%. According to 

Kirkpatrick, the volume fraction that is necessary to form a percolating 3D network, is 

around 30 % [170], but this value can be significantly higher depending on the crystal 

structure of the material and the mechanism of the charge transport. However, the amount 

of highly conductive species in the SEI of LiPON–high is much higher than for the other 

samples. Therefore, it can be assumed that enough volume is occupied to provide a better 

conductivity and – in combination with a significant amount of hydrogen in Li3N – a MCI 

is formed that leads to an increased decomposition of the SE. It is interesting to note that 

even in the case of an uncompleted reaction and the formation of Li3PO4, the SEI of LiPON–

high would consist of 64 vol% of highly conductive Li3N and Li3P and the SEI of nitrogen–

rich „LiPON“ should always exhibit a better ionic conductivity than the SEI of nitrogen–

poor „LiPON“ or lithium phosphate. 

In summary the finding suggests that by influencing the properties of the SEI in „LiPON“, 

one is caught between Scylla and Charybdis: An SEI which offers good transport properties 

for the lithium ions results in a stronger self–decomposition because also the electronic 

conductivity is higher, whereas an SEI that has a low ionic conductivity is bad for the transfer 

of lithium ions but is also more stable because the electronic conductivity is much lower. 

However, even a thick SEI might not be a disadvantage because a Li3N–rich and Li3P–rich 

SEI has an ionic conductivity that is much better than that of Li2O.  

This conclusion contradicts all the efforts reported in literature to increase the ionic 

conductivity of the SEI in order to reduce the charge transfer resistance as long as hydrogen 

is present. In the case of the examined “LiPO(N)” films, clarifying the origin of the hydrogen 

is difficult. The characterization was performed in an analysis chamber with a base pressure 

of < 10–10 mbar. The deposition of the films was carried out in a sputtering chamber with a 
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base pressure of < 10–7 mbar. The chamber is always kept under vacuum, except when the 

target needs to be replaced. There is also a transfer system consisting of three different 

chambers which should further reduce the impact of humidity from outside and the samples 

are directly transferred into a glovebox. Therefore, it can be assumed that the hydrogen 

content in the films originating from humidity is very low. However, there might be a 

significant amount of hydrogen at the surface of the thin–films, originating from the 

glovebox atmosphere. Although the water content in the glovebox was < 0.1 ppm, it might 

still be sufficient to provide enough hydrogen that can be incorporated in the formed Li3N 

during the in situ XPS experiment and induces the partial electronic conductivity.  

Nevertheless, if lithium nitride is formed without a significant amount of hydrogen 

incorporation, the SEI might still profit from the high ionic conductivity but an electronic 

partial conductivity would not occur. 

 

4.1.4 Electrochemical properties of the „LiPON“ SEI 
 

From the latest findings of SEI formation on various different electrolytes, the question 

arises, why there has been little evidence of the SEI formation in the cycling data of batteries. 

Simple mathematics show that finding electrochemical evidence of the interphase formation 

is rather challenging as its properties make it difficult to distinguish between the interphase 

and the electrolyte. In most cases the electrolyte has a thickness of more than 1 µm, whereas 

the SEI is suggested to have a thickness of roughly 10 nm and, according to the calculations 

in this work, is even thinner than that. The interfacial contribution to impedance spectra is 

rather small and highly depending on the properties of the interphase itself as will be shown 

below.  

The peak frequency 𝜔P of a RC semicircle in the Nyquist plot is the reciprocal value of the 

time constant τ and depends on the ohmic resistance R and the capacitance C of the sample.  

ωP = 
1

RC
 = 

1

τ
     (43) 
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If one assumes geometric relations for both R and C (𝑅 =  
1

σ
 ∙ 

l

A
 and equation 22 for C), the 

peak frequency is independent from the sample geometry and only depends on the 

conductivity and the permittivity of the film. There are no precise values of the permittivity 

of most battery materials given in literature but if 𝜀r is assumed to be in the range of 10 – 

100 for most battery materials, the peak frequency for the interface between lithium and 

„LiPON“ can be estimated. 

If Li3PO4 reacts with lithium, the major component of the SEI will be Li2O with around 

62 % of the SEI volume. If Li2O is the major contributor to the SEI conductivity, the 

conductivity of the SEI layer will be in the range of 10–8 – 10–10 S/cm resulting in a peak 

frequency of   

 

ωP = 
10–9 S/cm

ε0
 ∙ 

1

εr
=

113 Hz

εr
                                       (44) 

 

An interphase with Li2O will be influencing the impedance of the system in the range of a 

few dozen Hz, depending on the value of εr. If the SEI is thick enough, it should be visible 

as a contribution in the impedance spectrum; if not, it will most likely be hidden in the 

electrolyte contribution. 

However, if the nitrogen content in the „LiPON“ film is high enough and the combined 

volume fractions of Li3N and Li3P are high enough to form a percolating network, the 

conductivity of the interface will be in the range of 10–3 S/cm resulting in a peak frequency 

of 107 – 109 Hz which cannot be seen with most impedance devices. If the thickness of the 

SEI is assumed to be in the range of 1 nm – 3 nm as calculated from the XPS measurements, 

for the present sample geometry, the resulting resistance would be 3.3 kΩ – 10 kΩ for Li2O 

and 5 mΩ – 15 mΩ for Li3N/Li3P. That means the interphase will only be visible if very thin 

films are prepared as its contribution to the overall resistance will only be around 1 %. Very 

thin films, which fully cover the substrate, are very hard to prepare.  

If the interphase contains a lot of nitrogen, the fraction of Li3N formed in contact with 

lithium will be much higher. The interphase will have a higher ionic conductivity than the 

electrolyte and its contribution will not be visible in the common frequency ranges. Even if 
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the conductivity is lower, the smaller thickness may result in a transport process, which 

cannot be seen in the spectrum as it might overlap with the ionic transport across the 

electrolyte. These values explain why „LiPON“ has been considered to be stable in contact 

with lithium metal. The reaction layer was usually so thin that the most common detection 

methods were not able to detect the interphase.        

However, there are a few evidences of the „LiPON“ SEI reported in literature. Larfaillou et 

al. examined thin–film batteries containing „LiPON“ solid electrolyte [171]. They compared 

commercial batteries consisting of LiCoO2, „LiPON“ and a lithium metal anode with 

batteries of the same scheme prepared in the lab. Their impedance analysis showed that the 

interface between lithium and „LiPON“ led to a contribution to the impedance spectrum, 

which was much bigger when aged cells, which had been stored in the fully charged state at 

60 °C for 60 h were used. They found that this contribution was formed during a first 

charging of the battery suggesting that the transport of lithium across the electrolyte led to a 

modification of the interface. They also suggested that this modification was partly reversible 

as lithium deposition during a subsequent battery cycle led to a decrease of this contribution 

in the impedance spectrum. However, they did not take into account that these batteries 

were assembled at an indefinite point before the testing. In accordance with Schwöbel et al. 

the interface between „LiPON“ and lithium was already passivated. Probably the cycling of 

the battery led to breaking of the SEI or lithium plating underneath the SEI and ongoing 

SEI growth.  

Schichtel et al. prepared all–solid–state thin–film batteries based on lithium titanate 

Li4Ti5O12 (LTO) and „LiPON“ as an electrolyte. They performed various experiments to 

determine the different elements present in the impedance spectra of this system. One of 

their findings was a contribution in the high–frequency range caused by the transport of the 

ions across an interface between the lithium electrode and the „LiPON“ solid electrolyte. 

They performed impedance measurements at different states of charge and after different 

“cycling properties” and found out that this contribution at high frequencies was 

independent from the state of charge and the applied C–rate, suggesting that the interphase 

is stable [172].  
An ideal SEI that only consists of Li3P and Li3N should not be visible in the impedance 

spectrum as its contribution is too small to be resolved. However, the effectiveness of the 
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interface passivation may be visible by the absence of a contribution of the reaction layer 

between the electrolyte and lithium to the impedance spectrum. If P3N5 can be successfully 

applied as interlayer, its effect may have to be derived from cycling data rather than 

impedance measurements.
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4.2 Phosphorous nitride P3N5 as a 
sacrificial interlayer 

 

 

 

rom the investigation of „LiPON“ solid electrolyte, the principle guidelines for 

the creation of artificial interlayers were derived and the creation of P3N5 layers 

with the same properties is the next step. There is no report on phosphorous nitride thin–

films in literature up to our knowledge. Hence, a comprehensive characterization of these 

films is necessary. This chapter comprises the determination of the deposition rates during 

ion beam sputtering and a detailed XPS analysis. First the stoichiometry of the thin–films 

was determined before performing the in situ XPS experiment and electrochemical 

measurements to monitor the influence of the P3N5 thin–film on the battery properties. 

 

4.2.1 Deposition rates   

 

The deposition rates are determined from surface profiling of partially masked substrates. 

Films were deposited for 1 h, 2 h and 4 h, and the thickness of each sample is determined 

from five different measurements along the edge of the thin–film. The average value of the 

determined thickness after each deposition is used for the determination of the sputtering 

rates and is shown in Figure 33. The error bars depict the largest deviation of the measured 

film thickness from the average value. 

 

 

 

F 
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These values result in a deposition rate of 35.6 nm/h. The error of the thickness 

measurement can reach values up to 30 %. At low thicknesses, the deviation is due to the 

fact that the cantilever cannot be protected from atmospheric vibrations. Therefore, small 

oscillations caused by noise in the lab lead to a relatively high error. At larger thicknesses, the 

error is due to the inhomogeneous deposition of material on the sample surface. The used 

ion beam has a diameter of only 10 mm. It is widened to ~ 30 mm until it hits the target, so 

the deposition rate is strongly depending on the number of ions that hit a certain surface 

area of the target. Therefore, even in a deposition chamber with a perfectly aligned ion beam 

the area of homogeneous deposition will not be bigger than the diameter of the ion beam. 

In the case of the small ion beam, the deposition rate already varies over the sample area of 

1 cm. In addition, also thermal impact can influence the film growth. The substrate is heating 

up during deposition when it is hit by the deposited material. The longer the deposition, the 

higher the temperature. The variation of the film thickness can possibly cause potential 

deviations across the sample but it can be assumed that for the deposition times used in this 

work, the deviation may be in the range of only 1 – 2 nm or less. However, it needs to be 

pointed out that it is hard to validate the influence of thickness variations on cycling 

properties in such a small scale, especially in terms of buried interfaces. 

Figure 33: Thickness of the P3N5 films in dependence of the deposition time. 



4 Results and Discussion   P3N5 as sacrificial interlayer 

 
113 

 

4.2.2 XPS Analysis  
 

Chemical analysis 

The following chapter comprises the evaluation and discussion of results obtained from 

thin–film examinations. A detailed discussion of the XPS examinations on the P3N5 powder, 

which are referenced below, can be found in Appendix F.   

The phosphorous signal of the P3N5 films consists of a single peak at 134.0 eV. This signal is 

attributed to the one existing phosphorous species in P3N5, a P atom, which is tetrahedrally 

coordinated by four nitrogen atoms. Due to the peak splitting into P 2p 3
2⁄  and P 2p 1 2⁄ , the 

signal consists of the two brown and beige components in Fehler! Verweisquelle konnte nicht 

gefunden werden.. There is no evidence that there is an oxidized P–O species at higher 

binding energies like the one observed in the powder sample (Figure A 11).  

The N 1s signal shows three different contributions. Two of them can be attributed to the 

two different nitrogen species in P3N5. Phosphorous nitride forms an alternating network of 

corner sharing PN4 tetrahedra [153]. In this structure, each P atom is coordinated by three 

nitrogen atoms. Nitrogen can either be coordinated by two P atoms (P–N–P; Ndouble at 

399.0 eV) or by three different P atoms (P–N<P
P; Ntriple at 397.5 eV). In the ideal structure, 

the ratio of the nitrogen species Ndouble : Ntriple is 60 : 40. The ratio of these components in 

the P3N5 powder as well as in the thin–films is in good agreement with literature. The third 

component at 401.0 eV can be attributed to NOx at the surface of the sample. However, in 

the case of the thin–film, the amount of NOx seems to be much higher than for the powder 

sample.  

The stoichiometry of the powder as well as the deposited thin–films was determined via XPS. 

A comparison of the elemental composition of the phosphorous nitride powder and thin–

films is given in Table 12. 
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Table 12: Elemental composition of the P3N5 powder and thin–films determined via XPS. 

  

 

 

 

 

 

 

 

As can be seen, with 30.3 at% phosphorous and 52.1 at% nitrogen, the powder has a P : N 

ratio of almost 3 : 5. However, the powder also contains a significant amount of oxygen 

(10.1 %). The elemental ratio is hard to judge by XPS because the information depth is only 

a few nanometers. The overall oxygen content of the powder and thin–films may be much 

lower but on the surface it is around 10 % for the powder and 30 % for the thin–film. As 

the overall oxygen content of the film surface is higher than the oxygen content of the powder 

surface, it can be assumed that the increased oxygen content originates from the deposition 

process. A certain fraction of the nitrogen at the surface must have reacted with oxygen. Not 

only does humidity during the deposition lead to an increased incorporation of O into the 

thin–film, it can also be assumed that the target incorporated oxygen while being stored in 

the deposition chamber. Oxygen is most likely incorporated as carbonate because also the 

carbon content (7.5 at% in the powder) did increase to 15.6 at%. Unfortunately, it was not 

possible to keep the target free from oxygen and carbon. The oxygen in the thin–film must 

be considered during the discussion of the results.   

 

In situ XPS  

During lithium deposition, large changes of the elemental signals can be observed. Fehler! 

Verweisquelle konnte nicht gefunden werden. shows the change of the P 2p and N 1s signal. 

Before lithium deposition, the phosphorous signal consisted of only one species. After 

lithium deposition on the P3N5 film, three different contributions can be observed. Directly 

after the first lithium deposition step the fraction of the P3N5 phosphorous species decreases 

 Powder Film 

P 2p / at% 30.3 22.8 

N 1s / at% 52.1 31.5 

O 1s / at% 10.1 30.1 

x (P3Nx) 5 4.2 
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drastically from 100 % to only 12.5 %. Two other contributions are formed simultaneously. 

These signals can be attributed to the stepwise reduction of P3N5 via LixPyNz to Li3P. LixPyNz 

describes the sum of all components that can be attributed to various partly lithiated 

phosphorous nitride species, e.g. LiPN2, Li7PN4, Li18P6N16, Li12P3N9, and Li10P4N10 (cf. 

Appendix G). From the collected data it is impossible to predict a precise stoichiometry of 

these compounds. But as the P 2p signal continuously shifts toward lower binding energies, 

it must be attributed to components whose degree of lithiation lies between P3N5 and Li3P.  

It is interesting to see that the P signal of P3N5 disappears completely after the second lithium 

deposition step and only the lithium phosphide signals are left. The signal that is attributed 

to LixPyNz contributes to 93 % of the phosphorous signal, whereas Li3P is only around 7 % 

of the signal. This observation may be due to the fact that the deposited thin–films are very 

thin and already a small amount of lithium is enough to completely reduce the film in a 

range that is at least as thick as the information depth of the analysis method. Between the 

third and the fourth measurement there is no change of the relative intensities of these two 

species visible but the absolute intensities decreases. The amount of Li3P reaches only around 

7 %, indicating that at least under the conditions of the measurement, the conversion to Li3P 

is not completed and that no further reaction of LixPyNz to Li3P occurs after 600 s of lithium 

deposition time. The change of the absolute intensities indicates that a layer of Li is deposited 

on top of the thin–film that dampens the intensities of the thin–film signals. In contrast to 

the powder sample, a limitation of the reaction can be seen. The thin–film has a smaller 

surface area than the powder and thus, a smaller amount of lithium is necessary to convert 

P3N5. After the conversion lithium diffusion into the film is hindered and the reaction ceases.  

From the previous discussion on „LiPON“ it is known that the thermodynamic driving force 

to form the binary compounds is very high but in „LiPON“ also only a partial reduction of 

the phosphorus signal could be observed.  
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Figure 34: Evolution of the P 2p signal and N 1s signal of P3N5 during in situ lithiation. A  

                  stepwise reduction of P3N5 via LixPyNz to Li3P can be observed as well as the  

                 disappearance of the Nt signal and the formation of Li3N. 

 

A complete reaction of P3N5 and the decomposition into the binary lithium compounds can 

be described as follows:  

P3N5 + 24 Li → 3 Li3P + 5 Li3N          (45) 
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Taking the formation energies from Table 13, this reaction has a reaction enthalpy of 

— 1371.2 kJ/mol, indicating that the decomposition of P3N5 has a strong driving force. From 

a thermodynamic point of view, the interphase should only consist of Li3P and Li3N.  

Table 13: Standard formation enthalpy of P3N5 and the binary lithium compounds. 

 

 

 

 

 

 

The simultaneous presence of LixPyNz and Li3P cannot be deduced from thermodynamic 

calculations, which predict the formation of only Li3P. Again, as in the case of „LiPON“, the 

information depth of the XPS method is higher than the thickness of the SEI. Therefore, it 

is likely that the spectra show a Li3P layer and the lithium–deficient layer below. For the 

reaction to proceed, more lithium needs to be transported across the interface into the 

electrolyte. If P3N5 successfully works as sacrificial interlayer, this transport should be limited 

per definition. P3N5 under the topmost layer may react with lithium and form a lithium poly–

phosphide layer but the lithium for a subsequent reaction is missing. After 600 s of lithium 

deposition, the intensity ratio between Li3P and LixPyNz does not change anymore, indicating 

that the conversion is stopped.  

The fact that various different LixPyNz species are formed, can explain the ceasing of the 

reaction. If it is assumed that the SEI has a layered structure and a chemical potential 

difference of lithium exists across the Li|P3N5 interface, Li3P does only exist directly in 

contact with lithium metal. Going deeper into the P3N5 film, LixPyNz can only react to Li3P 

if lithium ions and simultaneously electrons pass the already existing Li3P interphase. 

According to literature, these components are ion–conducting but their conductivity is 

several orders of magnitude lower than that of the most commonly examined solid 

electrolytes [174], [175]. When partially lithiated phosphorous nitride is present and also 

exhibits a negligible electronic conductivity, electrons are prevented from migrating through 

Material ΔfHm
0 [kJ/mol] 

P3N5 –405.2 [173] 

LiP    –50.7 [173] 

Li3P –334.8 [160] 

Li3N –154.4 [160] 

Li2O –588.6 [160] 
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the SEI and the reaction is stopped. As in the case of „LiPON“, this process is diffusion–

controlled. That may be the reason why the relative LixPyNz/Li3P ratio does not change after 

600 s of lithium deposition, but only the absolute intensities decrease. In addition, the 

reaction layer is buried under a mixture of lithium and Li2O, further slowing down the 

decomposition. This behavior is in accordance with the „LiPON“ study.  

Secondly the comparison of the thin–film experiment with the powder results shows that the 

reaction of the P3N5 powder is not finished after more than 9000 s of lithium deposition. 

The powder has a higher surface area than the thin–film and therefore needs more lithium 

to react. If there was enough lithium, P3N5 might be fully converted into Li3N and Li3P.  

The N 1s signal also changes during the in situ experiment (Figure 35). Similar to the P 2p 

signal, the NOx component decreases directly after the beginning of the lithium deposition; 

it decreases from more than 30 % to 5 % and vanishes completely after the second lithium 

deposition step. The second component, Ndouble varies between 30 % and 35 % over time but 

does not show a clear trend, probably due to the formation of partially lithiated LixPyNz whose 

signal overlaps with Ndouble. The Ntriple signal starts to increase. It is assumed that the oxygen 

of the NOx reacts with lithium and leaves unsaturated nitrogen which is on the same position 

as the Ntriple signal. The Ntriple component does not decrease as much as Ndouble. As no Li3N 

signal can be seen after the first lithium deposition step, this signal may also include LixNy. 

After another lithium deposition step, when more lithium is present, this material can 

further incorporate lithium and form Li3N, which can be seen after the second lithium 

deposition step. After 600 s of lithium deposition only minor changes of the relative 

intensities can be seen but the absolute intensities decrease due to the formation of a Li/Li2O 

Figure 35: Evolution of the phosphorous and nitrogen fractions during in situ  
                      lithiation. 
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layer on top. Li3N is also formed but the formation of Li3N is not seen before the second 

lithium deposition step. However, the fraction of Li3N is steadily increasing. 

As in the powder, the oxygen signal of the thin–film consists of two species located at almost 

the same positions (cf. Figure A 13). In comparison to the powder, the Ohigh signal of the 

film is shifted to a higher binding energy of 534.0 eV, the Olow signal is still at 531.5 eV. 

During lithium deposition, the Ohigh signal decreases and vanishes completely after 900 s. 

Also, the Olow signal decreases. The signal attributed to Li2O increases after each Li deposition 

step. Li2O is formed, first from the Ohigh–oxygen and then from the Olow–oxygen. The 

behavior of Ohigh is again linked to the behavior of the NOx signal. Both components are only 

found at the surface and again the lower surface area compared to the powder explains the 

rapid diminishing of the signal. With an ionic conductivity of 1.5 ∙ 10–9 S/cm, Li2O is not 

beneficial for the transport process across the interphase. If the film contains 30.1 at% as 

mentioned in Table 12 the resulting Li2O corresponds to 21.5 vol%, but this fraction should 

not be enough to inhibit the charge transport. For a proof of concept of the applicability of 

sacrificial interlayers, the Li2O content of the thin–films may be neglected. It must be pointed 

out that Li2O might reduce the thickness of the SEI because it’s low conductivity might 

additionally inhibit the lithium transport. From the XPS results on P3N5 two different 

conclusions can be drawn: 

i) The formed interface is thinner than the information depth of the X–rays (Al Kα, 

E = 1486.6 eV).  

The presence of LixPyNz signals and Li3P signals does not necessarily mean that both 

species are homogeneously distributed across the SEI. LixPyNz may be formed on top 

of the P3N5 layer and the topmost part of LixPyNz reacts further to Li3P, indicating a 

layered kind of interphase similar to the Li|“LiPON“ interphase.  

It must again be pointed out that there may be a difference between the in situ 

experiment and a real battery. As the supplied amount of lithium in the experiment 

is limited, the SEI in a real battery may be thicker as the estimated values and it may 

also completely consist of Li3P and Li3N. However, determining the optimized film 

thickness is a key requirement due to the second finding:  
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ii) The conversion is self–limiting.   

The formation of lithium metal hints toward the limitation of the reaction. Lithium 

metal will not be formed as long as it can react with P3N5. The observation of lithium 

metal indicates that not the entire deposited lithium reacted. The increase of the 

oxygen signal means that instead Li2O is still formed. The decrease of the intensity 

of the P signal and N signal means that both species are buried and do not further 

react with lithium.  

If the reaction was not self–limiting, the original signals of P3N5 would disappear 

completely. If the thickness of the reaction layer exceeded the information depth of 

the XPS, it would be impossible to judge whether the interlayer reached a constant 

thickness. In a subsequent experiment, the reacted layer would have to be removed 

by sputtering and the remaining signals would have to be measured. In the present 

case the original signals are still visible and the reaction layer is very thin. This means, 

that the reaction layer has a negligible electronic partial conductivity and that P3N5 

shows the expected protective behavior.  

 

4.2.3 Protective effect  
 

Testing the protective effect was done by several different methods. First of all, to optically 

show the protective effect, an Li1+x+yAlx(Ti,Ge)2–xSiyP3–yO12 membrane (Ohara) was used 

because in contact with lithium metal the membrane turns black in contact with lithium 

metal due to the reduction of the Ti(IV) [48]. A mask was used to cover a round area of the 

membrane with a thin layer of phosphorous nitride. After the P3N5 deposition, the Ohara 

membrane is still white (Figure 36 a). No deposited layer is visible, not even a slight coloring 

due to interference of the light with the thin layer. The deposition took 30 min, so according 

to Figure 33 the thickness of the P3N5 layer should be around 17 nm and no interference 

with visible light should occur.  

Afterward, 100 nm lithium were thermally evaporated onto the entire membrane. Figure 

36 b shows the membrane right after the deposition of lithium. The inner grey part is the 

area that is covered with phosphorous nitride. The outer part of the membrane is still the 

bare LATP surface. Figure 36 c shows the same membrane 24 hours after lithium deposition. 
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As can be seen, the color of the membrane changed completely. The inner P3N5–covered 

part turned white, the outer part turned black. The blackening is caused by the reduction of 

the metal ions in LATP to metallic titanium, germanium and aluminum. The reaction was 

only observed in the uncovered section of the membrane. The covered part turned white 

again, partly due to the formation of Li3N and Li3P and partly due to the reaction of lithium 

with residual impurities in the glovebox atmosphere leading to Li2O and carbonate species.  

 

 

 

 

 

 

 

 

 

It could indeed be shown that a very thin layer of phosphorous nitride is sufficient to prevent 

the electrolyte from decomposition. But only if the electrochemical performance of batteries 

with the protected electrolyte is superior than the performance of batteries without interlayer, 

the material may be applied in larger scale. The next step was to examine the electrochemical 

properties of the interlayer. For that, lithium plating/stripping experiments in symmetric 

transference cells were carried out as well as cycling of full cells.  

  

a) b) c) 

Figure 36:  Test of the protective effect of P3N5 on an Ohara membrane.   
                   a) Membrane after P3N5 deposition.  
                   b) Partially protected membrane directly after lithium vapor deposition.   
                   c) Partially protected membrane 24 h after lithium vapor deposition. 
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4.2.4 Electrochemical behavior  
 

The electrochemical behavior of the interlayer was tested building symmetric Li|LPS|Li cells 

with and without interlayer between the electrolyte and the alkaline metal, and performing 

long–term stability tests, by plating and stripping lithium at the electrode|electrolyte 

interface. Later on, the electrochemical behavior of the interlayer was tested in full–cells with 

NCM as a cathode material and a lithium metal anode. 

 

Symmetric transference cells  

As can be seen in Figure 37, it is possible to use bare, unprotected LPS to run a symmetric 

cell for more than 2000 hours at room temperature. Applying a current of 70 µA 

(=̂ 100 µA cm—2) results in an overpotential of initially 35 mV. Upon plating/stripping for 

2 h in each direction, this value slightly increases to more than 50 mV. The short decrease 

of the potential after 120 hours is due to a disruption of the power supply. Afterward, the 

potential increases again. It is therefore assumed that parts of the overpotential are caused by 

polarization of the electrode|electrolyte interface. However, this polarization seems to be 

hindered by an interphase formation/passivation during cycling because a second break of 

the measurement of around 4 hours duration did not cause a drop of the potential after 

around 1500 hours. Although the cell can be cycled for around 500 times, the shape of the 

curve is not very smooth, indicating that different processes led to changing resistances 

during lithium plating and stripping. A closer look at the potential during each 

plating/stripping step shows that at the beginning of the measurement the potential remains 

constant during each cycling step. After 2000 hours it can be seen that the potential slightly 

increases, which can be explained by inhomogeneous lithium plating and stripping. 

Although the cell could be run for 2000 hours, the shape of the U(t) curve indicates that 

several failure mechanisms occurred. A sudden breakdown of the overpotential after 1250 h 

may be caused by microdendrites that are formed and after a few steps are dissolved again.  
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In contrast, Figure 38 shows the plating and stripping data of a symmetric Li|LPS|Li cell 

with P3N5 on both sides of the compressed electrolyte powder. To ensure to get a dense 

covering layer, 17 nm of P3N5 were deposited on either side of the electrolyte. It needs to be 

pointed out that a sacrificial layer according to the definition of this work may need to be 

thinner to protect the battery without inhibiting the transport properties but the surface of 

pressed LPS powder requires a thicker surface layer.  

As can be seen, the cell with interlayer can be cycled with the same settings as the cell without 

interlayer for over 2000 hours. The potential increases over time, again indicating an 

increasing cell resistance but the absolute increase of the potential is around 17 mV; as much 

Figure 37: Lithium plating and stripping of a Li|Li3PS4|Li cell without interlayer at room  
                  temperature. For the experiment 100 µA/cm2 were applied for 2 h in each  
                 direction. During each step, an 870 nm thick layer of lithium was plated and  
                 removed. The experiment could be performed for more than 2000 h. Close–ups  
                 of the beginning and the end of the measurement show that the overpotential  
                 increases over time and that the plating/stripping is less uniform after 2000 h.  
                 The edges of each step are not perfectly horizontal due to the OCV step in  
                  between. 

± ± 
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as for the sample without interlayer. The shape of the curve also shows less fluctuations of 

the overpotential during each plating/stripping step suggesting that a more homogeneous 

lithium plating and stripping takes place. It is assumed that applying a homogeneous surface 

layer leads to a more homogenous potential distribution at the interface and cycling behavior 

because impurities of the LPS powder (e.g. reaction products with atmosphere and carbon 

impurities that are present up to a certain amount no matter how clean the glovebox 

atmosphere is), are circumvented and do not hinder the charge transfer anymore.   

 

 

With an initial value of 50 mV, this cell has a higher overpotential than the cell without 

interlayer and it increases up to 66 mV after 2000 h. The additional overpotential results 

from the P3N5 layer between the electrolyte and the lithium electrode. A part of the P3N5 

layer is converted into Li3N and Li3P, but as the reaction products limit the electron diffusion 

Figure 38: Lithium plating and stripping of a Li|P3N5|Li3PS4|P3N5|Li cell with a 17 nm 
                   thick interlayer at room temperature. For the experiment 100 µA/cm² were  
                   applied for 2 h in each direction. During each step, an 870 nm thick layer of  
                   lithium was plated and removed. Thickness of the interlayer: 17 nm. The  
                   overpotential is higher than in a cell without interlayer and also increases over  
                   time. After 2000 h, plating/stripping is still homogeneous. The edges of each  
                   step are not perfectly horizontal due to the OCV step in between. 

± ± 
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through the interface, the conversion ceases, and the SEI growth is limited. A part of the 

P3N5 layer remains unreacted at the interface, inhibiting the charge transfer and increasing 

the cell resistance. Plating/stripping experiments were also performed at 60 °C (Figure 39). 

As can be seen, the initial potential of the sample without interlayer at 60 °C is only 10 mV. 

Due to the increased temperature, the cell resistance and overpotential are much lower than 

at room temperature. The potential remains almost constant for around 120 hours. Then it 

starts to increase to more than 25 mV, before the cell is short circuited after around 

900 hours. This increase of the potential slows down between 250 and 800 hours leading to 

a parabolic change over time. When in accordance with the observations of the SEI growth 

on „LiPON“ the interphase shows a parabolic growth, the resistance should show the same 

behavior. It can therefore be suggested that the increased overpotential is caused by a 

decomposition of the electrolyte. Taking a closer look at the data, it can be seen that at the 

beginning the potential at which lithium plating and stripping happens, remains virtually 

constant during each 2 h step. In comparison it can be seen that after 800 hours, the 

potential slightly increases during each step.  

 

 

 

 

 

 

 

 

 

 

 

 

 

± 22.5 ±
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Figure 39: Lithium plating and stripping of a Li|Li3PS4|Li cell without interlayer at 60 °C.   
                  For the experiment 100 µA/cm² were applied for 2 h in each direction. During  
                  each step, an 870 nm thick layer of lithium was plated and removed. 
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This behavior can be due to different phenomena. It can be caused by a contact loss between 

lithium and the electrolyte during lithium dissolution, resulting in a smaller interface area 

and a less homogeneous plating/stripping behavior. It may also be caused by the diffusion of 

lithium ions through a growing reaction layer.  

In comparison, Figure 40 shows data of the best running cell with an interlayer at 60 °C. 

The initial overpotential is at 10 mV but after a few plating/stripping steps increases to 

14 mV, higher than for the sample without interlayer. The steep increase after a few hours 

was caused by a breakdown of the power supply overnight and it is unclear what happened. 

Aside from that, the observed homogeneous increase of the potential during 

plating/stripping with constant current is smaller than for the sample without interlayer. The 

increase of the potential slows down after around 200 hours but continues across the entire 

duration of the measurement.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40: Lithium plating and stripping of a Li|P3N5|Li3PS4|P3N5|Li cell with interlayer at  
                  60 °C. For the experiment 100 µA/cm² were applied for 2 h in each direction.  
                  During each step, an 870 nm thick layer of lithium was plated and removed.  
                  Thickness of the protective layer: 17 nm. The results are from the best running  
                  cell.  

± ± 
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Again, a parabolic increase can be seen but it is almost the same as for the sample without 

interlayer. Although the resistance increases from cycle to cycle, the potential during each 

plating and stripping step remains almost constant, indicating that the process is more 

homogenous than at the unmodified interface.   

To determine the influence of the film thickness of the interlayer on the cell performance, 

the deposition time of P3N5 was decreased to 15 min, reducing the film thickness to ~ 8 nm. 

Figure 41 shows a comparison of the plating and stripping data of two samples with P3N5 

layer (i.e. the sample from Figure 40 and one with a thinner interlayer) with different film 

thicknesses at 60 °C and Figure 42 a comparison between a sample without interlayer and 

the one with an 8 nm thick interlayer.  

As can be seen, the overpotential is reduced by 5 mV when the film thickness is halved, 

indicating that also the cell resistance is decreased. Assuming that 17 nm of P3N5 are too 

thick to fully react, this observation is reasonable. Still, lithium plating and stripping increases 

the potential and therefore the cell resistance over time. In the beginning, this increase seems 

to be slower than in cells with a thicker interlayer, indicating a better protection of the cell 

or a better plating/stripping behavior. An interlayer of P3N5 with 8 nm thickness may still be 

thicker than the optimal calculated thickness of the natural passivating material „LiPON“ 

but it can be expected that the rough inhomogeneous surface of the pressed LPS powder 

leads to a less conformal deposition than on a smooth thin–film and requires a thicker 

interlayer.  

The sample using 8 nm of P3N5 as interlayer has as high an initial overpotential as the sample 

without interlayer (Figure 42). Therefore, it be can assumed that the formation of the 

interphase was prior to the start of the first measurement and must have been finished during 

the temperature stabilization at 60 °C. Whereas the sample without interlayer does not show 

an increase of the overpotential and resistance during the first 150 h but increases afterward, 

the overpotential of the sample with P3N5 layer increases continuously. Compared to the 

sample without interlayer, this increase is not parabolic but linear and smaller than for the 

sample without interlayer. A parabolic increase is due to the interphase formation. The 

absence of a parabolic increase can be explained by two different effects: 

a) The electrolyte is protected from decomposition. When no decomposition is caused, 

the increase of the resistance can be attributed to regular mechanical degradation 
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mechanisms of the cell during plating/stripping, e.g. volume changes of the electrode, 

changes of the interface area, and the creation of cracks and pores and relaxation of 

the electrolyte thickness. In this case the interlayer effectively negates the 

thermodynamic driving force for the decomposition and thermodynamically 

stabilizes the lithium|electrolyte contact.  

b) The decomposition of the electrolyte is slowed down drastically. If the interlayer does 

not cover the entire electrolyte surface, a decomposition in contact with lithium metal 

may still take place but it is so slow that it is superimposed by the regular mechanical 

degradation. 

Figure 41: Comparison of two samples with two different interlayer thicknesses.  
                     Plating/stripping experiments at 60 °C. For the experiment 100 µA/cm² were   
                     applied for 2 h in each direction 

 

The 8 nm thick interlayer is still more than twice as thick as the optimal layer thickness that 

was determined from examinations on „LiPON“. A thinner layer may also protect the 

electrolyte from decomposition without leading to an increased cell resistance. However, 

applying a homogeneous interlayer with a thickness smaller than 8 nm on a rough electrolyte 

surface by IBS is on one hand technically challenging. On the other hand, films with a 

thickness < 5 nm may lead to problems. In a thickness range of less than a few nanometers, 

the interlayers may lose their protective effect because electrons may be able to tunnel 

through the protective layer. In ASSBs, a distinction between failure due to an 

inhomogeneous interlayer or tunneling through the interlayer is currently not possible. 
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Figure 42: Comparison of a symmetric cell with and without interlayer. Plating/stripping  
                  experiments at 60 °C. For the experiment 100 µA/cm²  were applied for 2 h in  
                  each direction. 

 

Cycling of all–solid–state batteries 

All–solid state batteries with and without P3N5 interlayer were built to examine the influence 

of the interlayer on the performance of ASSBs. The interlayer thickness was varied to 

examine whether there is a minimum interlayer thickness dmin that is necessary to achieve an 

interface passivation or a maximum thickness dmax that must not be exceeded in order to 

improve the battery performance. 

The analysis of ASSBs is a difficult task as many different components are involved, many 

different degradation mechanisms can occur and the fabrication of ASSBs comprises many 

different steps, which can lead to strong statistical spread of the performance data.  

These phenomena include volume change of the electrode active materials during charging 

& discharging, interface reactions between the electrode active materials and the electrolyte 

and variation of the conductivities depending on the particle size [157], [176]–[179]. The 

examination of ASSBs is always a superposition of all these phenomena and the state of the 

cathode active material (CAM) can make the examination of the anode side difficult. These 

effects can be even more severe, when the examinations are carried out at different 

temperatures. As some of them also had an influence on the battery performance in this 
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work, they will be discussed below. It is pointed out that all specific capacities are given with 

respect to the mass of the CAM.  

 

 

 

 

 

 

 

 

 

 

Figure 43: Comparison of the discharge capacities of ASSBs with interlayers with different  
                  thicknesses. As precise thicknesses for short deposition times cannot be given,  
                  the deposition time of P3N5 is given instead. The batteries with interlayer have a  
                  smaller discharge capacity than the battery without interlayer. The interlayer  
                  decreases the capacity fading during the first 40 charge/discharge cycles. A  
                  dependence of the capacity retention on the interlayer thickness cannot be seen. 

 

The batteries consist of an NCM611:LPS composite cathode with a mass ratio of 70:30, LPS 

solid electrolyte and a lithium metal anode. Battery cycling was performed between an upper 

cutoff potential of 4.3 V vs. Li+/Li and a lower cutoff potential of 2.6 V vs. Li+/Li by applying 

a constant current of ± 140 µA (200 µA/cm²). The battery without interlayer between 

electrolyte and anode has a specific discharge capacity of 110 mAh/g (Figure 43). The 

discharge capacity decreases strongly during the first 20 cycles. The capacity loss is around 

50 mAh/g or 45 % of the initial discharge capacity. The capacity fading continues but slows 

down after 40 cycles. At that time the discharge capacity is only 40 mAh/g. The difference 

in the degradation rate is probably caused by different degradation mechanisms. During the 

first charge/discharge cycles a reaction between both electrodes and the electrolyte takes 

place, leading to the formation of an SEI at both electrode|electrolyte interfaces. This SEI is 

passivating the interface but increasing the interface resistance, leading to an impeded 

transport of lithium ions, which reduces the capacity. A second contribution to the capacity 
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loss, is the loss of CAM. Upon subsequent cycling, the volume change of the CAM leads to 

a contact loss between the CAM and the electrolyte and less CAM can be addressed. The 

volume change and contact loss will also occur during the first 20 cycles but its effect is 

superimposed by the SEI formation.  

The batteries with interlayer have a lower initial discharge capacity of only 80 mAh/g to 

90 mAh/g. The smaller discharge capacity may be due to overpotentials caused by the 

modified interface. In the impedance spectra of the assembled cells before cycling, a higher 

interfacial resistance can be seen than in the case of the cells without interlayer (cf. Appendix 

I). The cause may be the interlayer that need to be converted into Li3N and Li3P in the first 

couple of cycles before providing a protective effect and a decreased interfacial resistance. A 

smaller cathode utilization can be excluded as the composite cathode is not in contact with 

the interlayer.  

Although the initial capacity of the batteries with interlayer is smaller than that of the 

batteries with unmodified interface, the capacity loss is also smaller. The discharge capacity 

decreases with prolonged cycling of the battery but it decreases steadily. After 40 cycles, the 

slope of the capacity fading is the same for the batteries without interlayer and batteries with 

interlayer, indicating that after 40 cycles the capacity fading is not caused by the formation 

of an SEI but by the degradation of the composite cathode.  

The coulombic efficiency – the ratio between the electric charge that is retrieved during the 

discharge step and the charge that is needed for the charging step – is in the range of 98 % 

– 99 % for the batteries without interlayer but also shows some fluctuations (Figure 44). For 

the batteries with interlayer, the coulombic efficiency is also in the range of 99 % but slightly 

higher. Although the difference is only 99.8 % for the cells with interlayer compared to 

99.2 % for the cells without interlayer, the energy loss during each cycle decreases by almost 

an order of magnitude. In addition, the cells with interlayer reach such a high coulombic 

efficiency after around 10 cycles, whereas the cells without interlayer need more than 

40 cycles to reach a coulombic efficiency of > 99 %. After 40 cycles, the coulombic 

efficiencies of the cells with and without interlayer are virtually the same. The interlayer 

reduces the loss of charge carriers during the first 40 battery cycles. We suggest that the 

increased coulombic efficiency is due to the prevention of the electrolyte decomposition in 

contact with lithium metal. This observation indicates that the drastic capacity loss during 
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the first 60 charge/discharge cycles is caused by the interphase formation between the anode 

and the electrolyte whereas the capacity loss during subsequent cycling is only due to 

mechanical issues of the cathode side.  

 

 

 

 

 

 

 

 
 

 

Figure 44: Coulombic efficiency of an ASSB with P3N5 interlayer (blue) and without  
                    interlayer (yellow). Batteries with an interlayer exhibit a higher coulombic  
                    efficiency during the first 60 charge/discharge cycles. After 60 cycles the  
                    efficiencies are similar. 
 

The variation of the thickness of the P3N5 interlayer does not have a significant influence on 

the performance of the battery. The variation of the properties of batteries prepared with the 

same material under the same conditions (around 10 cells) is just as big as the difference in 

the discharge capacity of batteries with different interlayer thicknesses. The reasons for these 

differences are plentifold: They can originate from differences of the particle distributions in 

the composite cathode after manual mixing and grinding of the powders, from the size of 

the CAM primary and secondary particles, from differences in the glovebox atmosphere 

during cell fabrication, especially during the handling of lithium metal, and due to 

differences of the pressure that is applied during cycling. This pressure changes during 

cycling; during each cycle the pressure changes according to the volume change of the CAM 

and the lithium anode and it also changes when during subsequent cycling the utilization of 

the CAM decreases. Aging of the cell housing and frames may also alter the battery 

performance. An aged housing may not be fully gastight anymore and may cause a reaction 

between the battery materials and the atmosphere. The surface of the stamps, which are used 
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to press the powders, influences the roughness of the electrolyte surface and can also cause 

different current densities during cycling. As can be seen in Figure 45, these differences in 

the discharge capacity for cells that were prepared the same day from the same powder can 

already be as big as 15 mAh/g after 30 cycles (dark blue and light blue data). For a profound 

evaluation of the influence of a protective layer on the battery properties, a standardized cell 

manufacturing procedure and a statistic evaluation with an increased number of cells is 

necessary. A statistical approach is of outmost importance because also the preparation of 

the interlayer can lead to varying results depending on the state of the deposition chamber. 

Humidity in the chamber atmosphere can cause impurities in the interlayer. 

 

 

 

 

 

 

 

 

 

Figure 45: Discharge capacities of batteries with and without interlayer. The initial discharge  
                 capacity of a battery without interlayer is around 20 mAh/g higher than that of  
                 batteries with interlayer. Two batteries with an interlayer of the same thickness  
                 can exhibit a difference in the discharge capacities by 10 mAh/g and a different  
                 capacity retention due to the complex fabrication. 

 

In ASSBs, there is no clear dependence of the battery performance on the thickness of the 

interlayer. For a thickness of the interlayer between 1 nm and 4 nm (2 min – 8 min 

deposition time) the initial discharge capacity varies between 80 mAh/g and 90 mAh/g. The 

reason that the thickness of the interlayer does not have a clear influence on the battery 

performance may be due to the fact that the pressed electrolyte powder is rough and the 

interlayer is not thick enough to fully cover the electrolyte surface. In that case, parts of the 

surface are covered and protected from decomposition, while other parts are still exposed to 
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lithium metal and undergo a reaction. To cover a rough surface, a thicker interlayer may be 

necessary but it may come along with an increased resistance if the layer becomes too thick. 

The differences in the capacity retention of the cells with different interlayers may also be 

caused by an inhomogeneous interlayer thickness. Although the thickness should not exhibit 

large lateral differences, even slight differences (e.g. caused by randomly ablated bigger 

particles) can cause lateral potential distributions across the interface (cf. chapter 2.4) and 

lead to a locally higher driving force for decomposition. 

Further evidence of the protective effect of the interlayer is given by the impedance spectra 

of the batteries with and without interlayer.  

Although the procedure is not optimized, the positive influence of the interlayer on the 

ASSBs is visible. A more effective protection may be achieved by using a more conformal 

deposition method, e.g. ALD.  

 

Impedance spectroscopy 

The evaluation of impedance data is always difficult. For a reliable data interpretation, it is 

necessary to create equivalent circuits that describe the system under examination. A system 

like an all–solid–state battery easily results in a complex equivalent circuit. The system 

consists of the cathode, the electrolyte and the anode, each of which provides one 

contribution to the equivalent circuit. Each interface in the system will also contribute to the 

impedance spectrum leading to two more contributions (electrolyte|cathode interface and 

anode|electrolyte interface). In the case of the batteries with interlayers, one more 

contribution of the interlayer can be expected as well as (depending on the thickness of the 

interlayer) one contribution of the interlayer|electrolyte interface and one of the 

anode|interlayer interface. In addition, also the current collectors and the wires can 

contribute to the impedance spectrum.  

The resulting impedance spectrum (Nyquist plot) of an ASSB with and without interlayer 

after 100 charge/discharge cycles is shown in Figure 46 in the charged (blue) as well as in the 

discharged state (black). The data can be described by three different semicircles, each 

simulated by a parallel resistor R and a CPE. Of all the possible contributions discussed 

above, only three seem to contribute to the impedance spectrum. The reason is that some 
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contributions (e.g. wires and current collectors) have a good electronic conductivity and are 

too small to be resolved. Other contributions, e.g. the lithium anode are large enough to be 

measured but their time constant so small that they only appear in a frequency range above 

106 Hz. The upper frequency limit of the VMP 300 is 7 MHz, therefore these contributions 

cannot be detected. Other contributions may have similar time constants and cannot be 

resolved as the respective semicircles overlap, resulting in one larger contribution. For all 

these reasons, a reasonable data evaluation was performed using three semicircles in the 

equivalent circuit. The Nyquist plot of a battery with interlayer after 100 cycles has the same 

shape as the Nyquist plot of the battery without interlayer but the overall resistance of the 

battery with interlayer is smaller.  

 

 

 

 

 

 

 

 

Figure 46: Nyquist plot of a battery without anode|electrolyte interlayer after 100 cycles in  

                  the charged (blue empty data points) and discharged (black filled data points)  

                  state.  

 

From the differences in the impedance spectra of the charged (delithiated cathode) and 

discharged (lithiated cathode) battery and the values of the capacitances for the three 

semicircles, it is possible to attribute the semicircles to the different battery components 

(Figure A 16). The first semicircle at high frequencies is independent from the state of charge 

(SOC). Therefore, it can be concluded that this semicircle is caused by the solid electrolyte. 

This suggestion is supported by the capacitance that was calculated from the CPE, and which 
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is in the range of 10—11 F – 10—10 F, a typical value for the bulk electrolyte (cf. chapter 3.3) 

and the resistance (denoted as R1) leads to a conductivity of 1.1 ∙ 10—4 S/cm, which is in good 

agreement with the conductivity values of LPS known from literature [180], [181]. 

Differences in the electrolyte resistance are due to weighing errors during cell fabrication. 

Any change of the electrolyte contribution must be caused by the measurement. It can be 

due to the volume change/densification of the electrolyte during charging/discharging which 

may differ due to different cell housings or due to reaction with atmosphere that can occur 

if the housings are not fully gas tight.  

The two contributions at lower frequencies depend on the SOC of the battery. They must 

be attributed to the cathode material. The anode consists of lithium metal and all changes 

of the resistance during charging and discharging should be small as the conductivity of 

lithium does not change. The conductivity of the cathode material depends on the state of 

charge and should therefore lead to an altering contribution to the Nyquist plot. Both 

impedance contributions at mid to low frequencies have capacitances in the range of 10—6 F, 

which is typical for the geometric capacitance of an interface. Therefore, these contributions 

cannot be due to the bulk electrode materials but must be due to both electrolyte|electrode 

interfaces. It has to be pointed out that due to the large overlapping of these two 

contributions, fitting of the data is difficult, especially during the first few battery cycles, when 

these two contributions are not well pronounced yet. For that reason, the values for the 

second semicircle may be erroneous, as they are influenced by the large third semicircle at 

low frequencies.  

For an assignment of these contribution, a battery with and without interlayer are compared. 

Figure 47 depicts the change of the different contributions of the cell resistance in 

dependence of the charge/discharge cycles.  

As discussed above, the discharge capacity of a battery without interlayer decreases drastically 

during cycling due to the SEI formation at the anode|electrolyte interface and due to the 

degradation of the electrolyte|cathode interface. Latter effect also occurs in cells with 

anode|electrolyte interlayer causing a similar capacity fading during long–term cycling. As 

the cathode side has a more severe impact on the cycling data, it can be assumed that the 

contribution that shows the strongest changes in the impedance spectrum is caused by the 

cathode side. Hence, R3 is attributed to the electrolyte|cathode interface. The fact that the 
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resistance of this component in the lithiated state conforms to the delithiated state, suggests 

that the volume change during cycling causes a destruction of the composite cathode leading 

to higher resistances.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

Figure 47: Evolution of the resistances of a battery with and without anode|electrolyte  
                   interlayer within several charging/discharging cycles of a battery. An impedance  
                   measurement was performed after each charging and discharging step. 

 

On the other side, R2 is attributed to the anode|electrolyte interface. In the battery without 

interlayer, this contribution is also increasing, suggesting that an interface is formed. But the 

increase of R2 shows a parabolic behavior in the discharged state. This suggests that the 
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growth of R2 is limited. It may therefore be due to the formation of a passivating SEI at the 

anode|electrolyte interface. On the cathode side, the transition metal ions of nickel, cobalt 

and manganese should prevent a passivation due to the formation of metal atoms. It can 

therefore be suggested that R2 is due to the anode|electrolyte interface. However, this 

resistance is bigger in the discharged state of the battery than in the charged state. If lithium 

is transported from the anode side to the cathode side of the battery during discharge, voids 

are formed at the lithium|electrolyte interface and these voids increase the interface 

resistance. During the first 10 cycles, the data is not according to the trend because due to 

the small contributions R2 and R3, the same equivalent circuit leads to fitting errors.  

All resistances of the battery with interlayer do also increase over time. The increase of the 

electrolyte resistance R1 is bigger than in the case of the battery without interlayer. As the 

initial values of R1 are similar in all batteries (Appendix I) and differences are not caused by 

the intrinsic properties of the electrolyte, this behavior may be due to different pressure on 

the cell housing. Statistically, the increase of R1 is not bigger than for the cells without 

interlayer. It has to be pointed out that the values of R1 of the battery without interlayer in 

Figure 47 do slightly deviate from the apparent diameter of the semicircle in Figure 46. The 

difference is caused from fitting errors caused by high–frequent noise. As the information 

from frequencies above 7 MHz is lacking, there is no information on possible additional 

serial resistances.  

R2 does increase in the case of a charged battery with interlayer but stays constant in the 

discharged state. This observation may be due to the fact that the lithium|electrolyte 

interface is enhanced by the protective layer and the contact is more homogeneous. When 

the battery is charged, additional lithium is transported to the anode side and causes a volume 

expansion of the anode, which increases the resistance. When the additional lithium is 

removed during discharge, the resistance is decreased again and the anode|electrolyte 

interface is retrieved as before.  

The resistance R3 also increases during cycling. Although R3 is also bigger in the discharged 

state than in the charged state, in the case of an interlayer, they do not seem to converge. 

Therefore, the application of an interlayer on the anode side does not only have an influence 

on the anode|electrolyte interface but also on the cathode side. A detailed study on the 

reasons still needs to carried out. It may be possible that according to the thermodynamic 
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discussion in chapter 2.4, the potential drop on the anode side has an influence on the 

potential drop on the cathode side. A large potential drop across the SEI creates a strong 

electric field that can cause a decomposition of the electrolyte. The anode|electrolyte 

interlayer with a negligible electronic conductivity should cause a strong potential drop across 

the interlayer. In that case the potential drop on the cathode side should be smaller, leading 

to a less pronounced decomposition. The change of R3 is then only due to the volume change 

during cycling.  

We conclude that the application of P3N5 as interlayer is an effective way to modify the 

lithium|electrolyte interface. The material does not only protect the electrolyte from 

decomposition in contact with lithium metal (Figure 34), it also has a positive influence on 

the capacity retention of full cells. These experiments with P3N5 successfully prove the 

concept of sacrificial interlayers in ASSBs. 
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5  

Summary 
 

 

 

he present work consists of three different parts:  

In the first part (chapter 2), a closer look at the concept of surface modification 

of the solid lithium|electrolyte interface has been taken. The reasons for the thermodynamic 

interfacial instability analyzed. After that, criteria for the successful thermodynamic 

stabilization of the lithim|electrolyte interface have been given and the concept of sacrificial 

interlayers (based on „LiPON“ solid electrolyte and phosphorous nitride P3N5) has been 

introduced.  

In the second part (chapter 4.1), insight on the interface formation of „LiPON“ solid 

electrolyte in contact with lithium metal is provided by means of X–ray photoelectron 

spectroscopy and a model for the SEI growth was postulated. Thin–films of this material with 

varying nitrogen content were deposited by radio–frequency magnetron sputtering. By 

stepwise lithium deposition in the analysis chamber and subsequent measurements it was 

possible to show a decomposition reaction between „LiPON“ and lithium. This 

decomposition reaction consisted of two different steps: First the decomposition of „LiPON“ 

into Li3PO4, Li3P and (depending on the amount of nitrogen) Li3N followed by the 

decomposition of Li3PO4 into Li3P and Li2O. Although the complete conversion into the 

binary compounds is thermodynamically favored, Li3PO4 can always be found due to the 

limited amount of lithium present during the experiment. This amount is not enough to 

fully convert „LiPON“. From the ratio of the intensities of the phosphorous signals of the 

surface layer and the electrolyte layer it was possible to monitor the SEI growth and to 

T 
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determine the SEI thickness after each lithium deposition step. The SEI growth did not 

proceed linearly as expected when a constant mass of lithium is deposited during each 

sputtering step. Instead the SEI growth follows a parabolic law. This behavior can be 

explained by the fact that the reaction products are only ionically conducting but 

electronically insulating, leading to a kinetic hindrance of the reaction. Only when both ions 

and electrons can pass the interphase, a reaction will occur and proceed. The limited 

electronic conduction leads to a gradually decreasing growth rate of the SEI and the parabolic 

increase of the SEI thickness. Increasing the nitrogen content of the „LiPON“ films leads to 

a thicker SEI layer, presumably due to an increased electronic conductivity caused by proton 

incorporation into Li3N from residual humidity during the deposition of lithium in the 

analysis chamber. However, in the time–frame of the measurement, the thickness of the SEI 

ranged between (2 – 3.5) nm.  

It was also possible to determine the lithium deposition rate from the damping of the XPS 

signal intensities of the electrolyte caused by the creation of a Li/Li2O overlayer. Although 

the amount of lithium deposited during each step remained constant during each 

experiment, the amount of active lithium changed. The amount of non–active lithium could 

be determined from the Li2O/Li ratio of the overlayer. As soon as the reaction of lithium 

and the electrolyte is kinetically hindered, a fraction of the lithium will react with residual 

water in the analysis chamber, reducing the amount of active lithium.  

These examinations led to the conclusion that „LiPON“ is a metastable electrolyte in contact 

with lithium metal, forming a passivating layer consisting of Li3N, Li3P and Li2O, that 

successfully prevents the electrolyte from further decomposition and leads a stable battery 

performance for thousands of cycles. Any reaction layer that also consists of solely the lithium 

binary compounds should be able to provide the same passivating effect, presenting a range 

of materials that may act as potential anode|electrolyte interlayers. The results on „LiPON“ 

also suggest that the thickness of these interlayers is crucial. As long as the sacrificial 

interlayers do not conduct lithium ions, any layer that is thicker than the determined 2 ~ 4 

nm will impede the ion migration and decrease the battery performance. 

The third part of this work is the preparation and characterization of P3N5 as sacrificial 

interlayer (chapter 4.2) Phosphorous nitride was examined toward its application as a 

sacrificial interlayer. For this, thin–films of the material were prepared by ion–beam 
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sputtering using argon as sputter gas and nitrogen as working gas. Oxygen was always 

incorporated into the films during deposition instead of nitrogen but the thin–film 

deposition was optimized to achieve a high amount of nitrogen in the films and as little 

oxygen as possible.  

Photoelectron spectroscopy was used to monitor the reaction of P3N5 in contact with lithium 

metal and a decomposition similar to „LiPON“ – the formation of Li3P and Li3N – could be 

observed. This observation led to the conclusion that a thin layer of P3N5 could successfully 

protect a solid electrolyte from decomposition. The protective behavior was tested using an 

Ohara glass–ceramic membrane. A thin layer of P3N5 was deposited on top of a partially 

masked membrane and then lithium metal was evaporated. The unprotected parts of the 

membrane turned grey due to the reduction of the metal cations in the electrolyte, the 

protected parts remained white. 

To validate whether also the electrochemical properties of a protected electrolyte in contact 

with lithium metal can be improved, symmetric Li|LPS|Li cells with and without protective 

layer were built and lithium plating/stripping experiments were carried out. Upon varying 

the thickness of the interlayer we observed that exceeding a critical thickness dcrit of the 

interlayer led to an increase of the overall cell resistance. The films were too thick to fully 

react to Li3N and Li3P. Reducing the thickness led to an improvement of the 

plating/stripping behavior for more than 2000 h. The trend of the increasing overpotential 

during the experiments suggests that the films successfully prevented the thermodynamic 

interphase formation. The overpotential increased linearly, not parabolic, suggesting that this 

increase was caused by a change of the mechanical properties of the system but not by 

thermodynamic instability. Cycling of full cells showed that a P3N5 protective layer as thin as 

1 nm was enough to improve the capacity retention of the cell. This increase comes along 

with a decrease of the initial discharge capacity of the cell which is around 15 % smaller than 

for the unprotected cell. This decrease may be caused by factors unique to the deposition 

method and may be subject of future research.  

It can be concluded that the concept of sacrificial interlayers poses a promising approach for 

the modification of the lithium|electrolyte contact in ASSBs and that the concept enables a 

variety of materials that may be used to create ASSBs with improved long term stability. 
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6  

Outlook 
 

 

 

he present dissertation has outlined the concept of sacrificial interlayers for 

lithium metal anode protection. Starting from “LiPON” as a natural 

metastable material, the basic concept was explained and examples were given on how a 

passivation of the lithium|electrolyte interface can achieved. These ideas have been validated 

by using phosphorous nitride as a potential material for protective layers and a positive 

influence could be observed. However, this thesis is only the first step on the long and 

winding road toward a deeper understanding of controlled interfacial decomposition.  

There are different aspects of this work that need a more detailed examination and will be 

subject of further research. The application of phosphorous nitride, especially in all–solid–

state batteries requires further research and the layer thickness still needs to be optimized.  

Phosphorous nitride is only one possible candidate as artificial interlayer. Different other 

(lithium) phosphorous nitrides may also be applicable as protective layer. It is also possible 

to take a look at different solid electrolytes as possible interlayers. Another group of materials 

are metal nitrides, that in parts were already subject of research during this project. The final 

concept that will be discussed is the combination of different interlayers in bi– or multilayer 

systems. All these concepts may not only be useful in preventing the electrolyte 

decomposition but can also have a few more positive effects on the battery properties. 

 

  

T 
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6.1 In situ XPS experiment 
 

 

 

ince the first application by Wenzel et al., the in situ lithiation XPS experiment 

has proven to be a valuable tool for the examination of interfacial reactions of 

battery systems. The present work has provided a more detailed insight on the parameters 

that can be derived from the experiment and the information that can be gained. However, 

to fully understand the reaction between a solid electrolyte and lithium metal, even further 

examination is necessary.   

One drawback of the in situ XPS method is that the determined SEI thickness is only a lower 

limit. The real SEI can be thicker. The determined values for the thickness are only valid in 

the time frame of the measurement. If the reaction proceeds slow, it may not be completed 

when the measurements after each lithium deposition step are started and the estimated 

value may be smaller than it actually is. To solve this problem, one must perform multiple 

measurement steps between the lithium deposition steps. If the interphase formation is 

kinetically limited the intensities might still change over time because the reaction – although 

slowly – continues. If the reaction is stopped, there should not be a change of the line 

intensities over time. Such an experiment consumes a lot of time and is only recommended 

for well–known systems. 

The fact that the information depth of the XPS method is in the range of the thickness of 

the SEI and especially at the beginning of the measurements even higher than the layer 

thickness also causes a problem. As discussed above, the results suggest a two–step 

decomposition of „LiPON“ leading to a multilayer SEI consisting of a lithium–poor layer 

which only decomposes into Li3PO4 and Li3P (and in the case of nitrided samples into Li3N) 

close to the electrolyte and a lithium–rich layer that fully decomposes into the lithium binary 

compounds. It is possible that this apparent behavior is only due to the limited amount of 

lithium that is deposited during each deposition step and that prevents a direct formation of 

the binaries because not enough lithium is present. Also a time–delayed reaction may be 

interpreted as a layered SEI. To verify whether there is indeed a layered SEI, it is necessary 

S 
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to vary the information depth of the XPS. By varying the angle of the X–ray source it is 

possible to achieve different information depths and to clarify whether there is a layered SEI 

or not.  
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6.2 Optimization of the P3N5 layer 
 

 

 

hosphorous nitride has been used in first experiments and has shown to have a 

positive influence on the battery performance. Yet, the deposition still needs to 

be optimized. The deposited layers should have a stoichiometry of P3N5 but due to nitrogen 

loss during the sputter deposition the stoichiometry with the highest nitrogen content was 

P3N4.2. Although the material can still be used as a protection layer, increasing the amount 

of nitrogen and reducing the oxygen content is desirable. In the present case it requires a 

reconstruction of the sputtering chamber and the gas supply, which might be a task for future 

research.  

Although the first results suggest that P3N5 has a beneficial influence on the stability of the 

lithium|electrolyte interface, many open questions remain that need to be addressed: 

1. Can the film thickness be optimized? 

The thickness of the P3N5 layer was scaled down to roughly 8 nm. Ion beam 

sputtering is a method that can be used to create very thin–films because the 

sputtering rate is precisely adjustable via the applied gas flow but it is still a method 

using a directed ion beam. Therefore, this method might be suitable to create a film 

on a flat substrate, but uniformly covering rough substrates or powders is not 

possible. To create a layer that considers the roughness of a surface, other methods 

need to be employed.  

One possible method for the fabrication of these thin–films may be Atomic Layer 

Deposition (ALD). The ALD process uses different precursors to deposit different 

atoms and by alternating the precursors complex molecules can be formed. The 

formation of very thin P3N5 layers should therefore be possible. The ALD also allows 

an even more precise control of the interlayer thickness.   

 

P 
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2. How does the conversion reaction take place?  

The XPS examinations showed that a reaction between lithium and the interlayer 

takes places. However, during the in situ experiment lithium was step–wise deposited 

onto the electrolyte, and, besides impurities originating from the chamber 

atmosphere, the lithium was free from impurities. In a real battery the ideal case 

would be a reaction between lithium foil and the interlayer leading to the formation 

of Li3P and Li3N. If the surface of the lithium foil is passivated, this reaction will not 

take place. In that case, the conversion of the interlayer will only take place if fresh 

lithium is plated on the anode side during the first charging step of the battery. Time–

dependent impedance measurements at elevated temperatures of a fabricated, 

uncycled cell, like the ones used in this work should be able to reveal the formation 

mechanism. If the interlayer does not protect the battery, the interfacial resistance 

should increase due to the decomposition of the electrolyte and the formation of 

Li2S. If the interlayer is converted in contact with lithium metal, the interfacial 

resistance should decrease because the highly resistive P3N5 reacts to Li3N and Li3P. 

If no conversion takes place, the resistance should not change. Elevated temperatures 

will reduce the time for this experiment.  

 

3. What happens to the interlayer during battery cycling? 

The optimized thickness for the P3N5 layer will be well below 10 nm. Creating a 

conformal layer of such a minor thickness is difficult but possible. For the use in 

batteries it is not only necessary to create such a layer, it is also important that the 

layer remains intact during battery cycling. From experiments on various electrode 

materials it is known that battery electrodes can undergo large volume changes. These 

changes cause mechanical stress and battery failure. Although lithium metal should 

not as strongly be affected as metal alloy electrodes, it is currently unknown how the 

phosphorous nitride coating changes upon cycling. It can be assumed that volume 

changes of the electrode during the cycling will lead to a less homogeneous interlayer 

and impinge the effectiveness of the interlayer. In that case, an interlayer material 

needs to be found that can compensate these volume changes or a flexible host 

structure for the lithium anode needs to be added [182]–[185]. However, any 
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additional component on the anode side will reduce the energy density. 

 

 

4. Can different electrolytes be protected as well? 

The results obtained in this work were determined from cells with thiophosphate 

electrolyte. These electrolytes are supposed to develop a meta–stable interphase as the 

reaction products are mostly Li3P and Li2S, including minor impurities of Li2O and 

– in the case of Argyrodites – LiCl, LiBr or LiI [102], [126]. Especially Li2S is a poor 

ionic and electronic conductor. A conversion of Li3PS4 into Li3P and Li2S should 

result in an interphase consisting of around 70 vol% Li2S and the SEI properties 

should thus be dominated by Li2S. An interlayer might be necessary to reduce the 

charge transfer resistance across the interface but it should not be needed to generally 

stabilize the interface.   

Other electrolytes like LATP, LAGP and LGPS, which decompose and form metallic 

components in contact with lithium, will need a protective layer, because otherwise 

the entire electrolyte will decompose in contact with lithium metal. Therefore, the 

application of P3N5 in these systems is highly recommended and should be addressed 

in future experiments. 
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6.3 Alternative sacrificial materials  
 

 

 

hosphorous nitride is only one possible candidate for the application as 

sacrificial interlayer. There are several different groups of materials that can 

possibly have a protective effect on the battery. One group of materials are solid electrolytes 

that are related to „LiPON“ and should exhibit similar properties. Another group of 

potential interlayers could be metal nitrides, which may act similar to P3N5. If one single layer 

does not provide the necessary stabilization of the interface, the application of multilayer 

systems may prove to be a valid approach. Although artificial interlayers were only discussed 

in this work with respect to their ability of preventing SEI formation, they may also be 

applicable to overcome various other interfacial issues.  

 

6.3.1  Electrolyte thin–films  
 

There is a plentitude of different materials that could also be used as sacrificial layers and 

that have not been used in this work. A prerequisite for industrial application is a low–cost 

process, which only allows inexpensive, abundant materials, and a low–energy process. 

Therefore, materials that need high temperatures during thin–film synthesis are excluded 

from this discussion 

Only „LiPON“ was examined as a possible electrolyte–based interlayer but there are a few 

more materials that could also be used. Several electrolytes, which are closely related to 

„LiPON“ are currently under investigation [187], [188]. These materials are based on lithium 

sulfate instead of lithium phosphate or are derived from a mixture of both. “LiSON” is 

supposed to have an ionic conductivity that is one order of magnitude higher than that of 

„LiPON“ [189]. In the case of „LiPON“, its use as a protective layer has been confirmed in 

several applications [74], [190]. 

P 
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However, these materials may be unstable in contact with lithium metal, too. But as these 

materials are closely related to „LiPON“ they should also form a passivating reaction layer. 

Yet, the ionic conductivity of the formed interlayer might be inferior to „LiPON“ due to the 

smaller amount of phosphorous in the sum formula. Whereas „LiPON“ with an average 

stoichiometry of Li3PO3N decomposes into 42 vol% Li2O, 34 vol% Li3P and 24 vol% Li3N, 

in the case of “LiSON” (Li3SO3N), only 26 vol% of Li3N will contribute to conduction of the 

interphase and 74 vol% will have a low ionic conductivity.  

The same goes for Li3PS4 which forms 24.8 vol% of highly conductive Li3P and 75.2 vol% of 

poorly conductive Li2S interphase. Therefore, if applied, these materials should act as an 

inferior protective layer than „LiPON“ but rather need a protective layer to reduce the charge 

transfer resistance.  

Another possible choice as interlayers are lithium phosphorous nitrides. There are a few 

compounds like LiPN2 and Li7PN4, and Li10P4N10 and Li12P3N9. Although their conductivities 

are not much better than those of lithium phosphate [191], they could be checked for the 

application as interlayer. If they are unstable in contact with lithium metal, they should also 

only decompose into lithium nitride and lithium phosphide.  

 

6.3.2  Metal nitride layers  
 

Metal nitrides were also considered as possible interlayers. As metal oxides are often used as 

artificial interlayers in batteries [192], [193] the idea of applying metal nitrides comes 

naturally. The major drawback of metal oxides is their often bad ionic conductivity that 

causes an increase of the resistance and limits the thickness of the applied layer to only a few 

nanometers. Metal nitrides could also act as protective layers after a conversion reaction with 

lithium. These materials will only have a protective effect on the lithium|electrolyte interface, 

if they do not conduct electrons. Therefore, the use of metal nitrides was evaluated by the 

examples of copper nitride and aluminum nitride.  
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Copper nitride as sacrificial interlayer  

Polyplus company patented the use of Cu3N as an interlayer in their batteries. However, not 

much is known about the protective effect of this material. Polyplus suggest that the material 

reacts similar to P3N5 and decomposes into Cu and Li3N in contact with lithium metal. The 

formed lithium nitride should be the reason why they achieved a smaller overall cell 

resistance [194]. However, together with lithium metal also copper metal is formed. Copper 

metal does not lithiate, a reason why it is used in “lithium–free” batteries where the lithium 

metal anode is formed via lithium plating on the copper current collector during the initial 

charging step of the battery [195]; but copper is an electronic conductor. If a reaction takes 

place according to equation 46 

Cu3N + 3 Li           3 Cu + Li3N,      (46)  

the resulting interphase would contain 45.8 vol% of Cu metal, which would be enough to 

form a percolating network for electronic conduction. One would therefore expect that 

copper nitride does not prevent a decomposition of the electrolyte as the SEI consists of one 

phase that conducts electrons and a second phase that conducts ions. To better understand 

the applicability of metal nitrides as protective layers in batteries, first experiments on Cu3N 

were carried out. The results are summarized in Appendix J. Copper nitride can be used to 

reduce the interface resistance between lithium and the solid electrolyte but it does not 

prevent the growth of the resistance and the decomposition of the electrolyte. The volume 

fraction of metallic copper in the reaction layer is high enough to induce an electronic 

conductivity. 

 

Aluminum nitride 

An alternative to copper nitride could be aluminum nitride. Its metal content is only 1/3 

compared to that of Cu3N. Although the molar volume of aluminum is higher than the one 

of Cu (10 cm³/mol vs. 7.11 cm³/mol), the volume fraction of aluminum in the reaction layer 

is only 28.4 %. As 30 vol% are considered to be the threshold concentration that is necessary 

to form a percolating network [170], the aluminum content of nitrogen–rich AlN might not 

be enough to induce an electronic conduction and the material might be able to suppress 

the electrolyte decomposition. In addition, Zhu et al. have calculated that the material should 
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be intrinsically stable against lithium metal and even when overpotentials are applied to 

create a lithiated Li3AlN2 phase, these two phases should act electronically insulating and 

thus passivate the interface [84]. 

In addition, aluminum is known to form alloys with lithium and it might lead to a reduced 

potential gradient at the interface. AlN could also be an interesting candidate for protective 

layers on the cathode side. Coatings of LiCoO2 with aluminum oxide are known in literature 

[192], [196]–[203] but aluminum oxide is an insulator. If the coating is too thick, it will have 

a negative influence on the transport properties. However, it is assumed that in parts the 

aluminum is incorporated into the LiCoO2, stabilizing its structure and leading to a more 

stable cycling behavior. For that reason aluminum is used in NCA materials [203]–[205]. AlN 

could fulfill the same purpose but it might probably react by forming a lithium aluminum 

nitride phase, which is ionically conducting. It could be an interesting interlayer for the 

system „LiPON“|LiCoO2 because the aluminum might be incorporated into the LiCoO2 

whereas the nitrogen might be incorporated into the „LiPON“, increasing the nitrogen 

content and thereby lowering the resistance at the interface.  
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6.4 Combination of interlayers 
 

 

 

here is strong evidence that different kinds of interlayers serve different 

purposes. As mentioned in chapter 2.3, many groups apply metal layers 

between lithium and the electrolyte to increase the battery performance. However, these 

layers will not stop the electrolyte from decomposing in contact with lithium because they 

do not serve as a diffusion barrier. Instead they promote a more intimate and homogeneous 

contact between the electrolyte and the anode, decreasing the risk of dendrite formation. To 

stop the degradation in such systems a combination of two or more layers may be a suitable 

strategy. 

A promising idea could be the combination of a material like P3N5 and a metal layer, e.g. Sn. 

P3N5 stabilizes the lithium|electrolyte contact by forming Li3N and Li3P, whereas the metal 

layer increases the contact area and reduces the interfacial resistance. The metal layer does 

not serve as a diffusion barrier for lithium. Even when the metal layer is deposited on P3N5, 

the lithium can still reach it and convert it into the binary compounds. Thus, no highly 

resistive layer will remain buried between the electrolyte and the electrode. As the 

experiments have shown, the risk of incorporating oxygen into the interlayer is high when 

water is present. In the case of lithium/metal alloys, lithium could be prevented from reacting 

with oxygen on one side of the electrode but still react with P3N5 on the other side of the 

electrode.  

Although Cu3N has not proven to protect the electrolyte from decomposition, it could be 

worth revisiting Cu3N as a material for the application in such a multilayer system.  

This dissertation is the first to discuss the concept of sacrificial interlayers in all–solid–state 

batteries. The present examinations are only the starting point for a vast and promising field 

of subject. The urge of applying interlayers in ASSBs will get more important in the future 

and will spark interest in sacrificial interlayers. This dissertation may provide suggestions and 

guidelines for future research toward thermodynamically stable anode|electrolyte interfaces. 

T 



7 References 

 
157 

 

7  

References  
 

 

 

 

[1] A. R. Kamali and D. J. Fray, “Review on Carbon and Silicon Based Materials as 

Anode Materials for Lithium Ion Batteries,” J. New Mat. Electrochem. Syst., vol. 160, 

pp. 147–160, 2010. 

[2] M. S. Whittingham, “Lithium Batteries and Cathode Materials,” Chem. Rev., vol. 

104, no. 10, pp. 4271–4301, 2004. 

[3] G. Fey et al., “LiNiVO4: A 4.8 Volt Electrode Material for Lithium Cells,” J. 

Electrochem. Soc., vol. 141, no. 9, pp. 2279–2282, 1994. 

[4] A. Kraytsberg and Y. Ein–Eli, “Higher, Stronger, Better ... A Review of 5 Volt 

Cathode Materials for Advanced Lithium–Ion Batteries,” Adv. Energy Mater., vol. 2, 

no. 8, pp. 922–939, 2012.  

[5] M. Nagahama et al., “High Voltage Performances of Li2NiPO4F Cathode with 

Dinitrile–Based Electrolytes,” J. Electrochem. Soc., vol. 157, no. 6, pp. 748–752, 2010. 

[6] S. Bin Park et al., “Electrochemical Properties of LiNi0.5Mn1.5O4 Cathode after Cr 

Doping,” J. Power Sources, vol. 159, no. 1 SPEC. ISS., pp. 679–684, 2006. 

[7] S. Okada et al., “Fluoride Phosphate Li2CoPO4F as a High–voltage Cathode in Li–

Ion Batteries,” J. Power Sources, vol. 146, no. 1–2, pp. 565–569, 2005. 

[8] K. Xu, “Nonaqueous Liquid Electrolytes for Lithium–based Rechargeable Batteries,” 

Chem. Rev., vol. 104, no. 10, pp. 4303–4417, 2004. 



7 References 

 
158 

 

[9] T. Thompson et al., “Electrochemical Window of the Li–Ion Solid Electrolyte 

Li7La3Zr2O12,” ACS Energy Lett., vol. 2, no. 2, pp. 462–468, 2017. 

[10] V. Thangadurai et al., “Fast Solid State Li Ion Conducting Garnet–Type Structure 

Metal Oxides for Energy Storage,” J. Phys. Chem. Lett., vol. 6, no. 2, pp. 292–299, 

2015.  

[11] F. Zheng et al., “Review on solid electrolytes for all–solid–state lithium–ion 

batteries,” J. Power Sources, vol. 389, pp. 198–213, 2018. 

[12] C. Daniel, J. O. Besenhard, Handbook of Battery Materials, 2nd ed., Wiley–VCH, 

2012. IBSN: 978–3527326952 

[13] W. Zhang et al., “The Detrimental Effects of Carbon Additives in Li10GeP2S12–Based 

Solid–State Batteries,” pp. 35888–35896, 2017. 

[14] K. Albe et al., “Interfacial Instability of Amorphous LiPON Against Lithium : A 

Combined Density Functional Theory and Spectroscopic Study,” vol. 354, pp. 124–

133, 2017. 

[15] Z. Li et al., “A Review of Lithium Deposition in Lithium–Ion and Lithium Metal 

Secondary Batteries,” J. Power Sources, vol. 254, pp. 168–182, 2014. 

[16] W. Zhang et al., “Capacity Fade in Solid–State Batteries: Interphase Formation and 

Chemomechanical Processes in Nickel–Rich Layered Oxide Cathodes and Lithium 

Thiophosphate Solid Electrolytes,” Chem. Mater., vol. 29, no. 13, pp. 5574–5582, 

2017. 

[17] T. Krauskopf, et al., “Toward a Fundamental Understanding of the Lithium Metal 

Anode in Solid–State Batteries – An Electrochemo–Mechanical Study on the 

Garnet–Type Solid Electrolyte Li6.25Al0.25La3Zr2O12,” ACS Appl. Mater. Interfaces, vol. 

11, no. 15, pp. 14463–14477, 2019. 

[18] H. Berns and W. Theisen, "Eisenwerkstoffe – Stahl und Gusseisen",  Springer–

Verlag, 2008. 

ISBN 978–3–540–79957–3 

 [19] H. Aydin et al., “18O–tracer diffusion along nanoscaled Sc2O3/yttria stabilized 



7 References 

 
159 

 

zirconia (YSZ) multilayers: On the influence of strain,” Sci. Technol. Adv. Mater., vol. 

14, no. 3, 2013. 

[20] J. Keppner, Forschungszentrum Jülich, "Influence of Mismatch Induced Strain 

Fields on the Ionic Conductivity," Dissertation, 2015, ISBN 978–3–95806–171–2. 

[21] G. Amatucci, “Cobalt Dissolution in LiCoO2–Based Non–Aqueous Rechargeable 

Batteries,” Solid State Ionics, vol. 83, no. 1–2, pp. 167–173, 1996. 

[22] A. R. Gonzalez–Elipe et al., “XPS Study of the Surface Carbonation/Hydroxylation 

State of Metal Oxides,” Appl. Surf. Sci., vol. 45, no. 2, pp. 103–108, 1990. 

[23] S. Ty and E. Paled, “The Electrochemical Behavior of Alkali and Alkaline Earth 

Metals in Nonaqueous Battery Systems– The Solid Electrolyte Interphase Model”, J. 

Electrochem. Soc., no. 1, pp. 2047–2051, 1979. 

[24] M. Odziemkowski and D. E. Irish, “An Electrochemical Study of the Reactivity at 

the Lithium Electrolyte / Bare Lithium Metal Interface”, J. Electrochem. Soc., vol. 140, 

no. 6, pp. 1546–1555, 1993. 

[25] M. Odziemkowski, M. Krell, and D. E. Irish, “A Raman Microprobe In Situ and Ex 

Situ Study of Film Formation at Lithium / Organic Electrolyte Interfaces,” J. 

Electrochem. Soc., vol. 139, no. 11, pp. 3052–3063, 1992. 

[26] K. Edström et al., “A New Look at the Solid Electrolyte Interphase on Graphite 

Anodes in Li–Ion Batteries,” J. Power Sources, vol. 153, no. 2, pp. 380–384, 2006.  

[27] T. Yoshida et al., “Degradation Mechanism and Life Prediction of Lithium–Ion”, J. 

Electrochem. Soc., vol. 153, pp. 576–582, 2006. 

[28] F. A. Soto et al., “Formation and Growth Mechanisms of Solid–Electrolyte 

Interphase Layers in Rechargeable Batteries,” Chem. Mater., vol. 27, no. 23, pp. 

7990–8000, 2015. 

[29] M. B. Pinson and M. Z. Bazant, “Theory of SEI Formation in Rechargeable 

Batteries: Capacity Fade, Accelerated Aging and Lifetime Prediction,” vol. 160, no. 

2, 2013. 

[30] R. L. Sacci et al., “Nanoscale Imaging of Fundamental Li Battery Chemistry: Solid–



7 References 

 
160 

 

Electrolyte Interphase Formation and Preferential Growth of Lithium Metal 

Nanoclusters,” Nano Lett., vol. 15, no. 3, pp. 2011–2018, 2015. 

[31] R. L. Sacci et al., “In situ Electrochemical TEM for Quantitative Nanoscale Imaging 

Dynamics of Solid Electrolyte Interphase and Lithium Electrodeposition,” Microsc. 

Microanal., vol. 21, no. 1217, pp. 2437–2438, 2015. 

[32] A. Zaban and D. Aurbach, “Impedance spectroscopy of lithium and nickel 

electrodes in propylene carbonate solutions of different lithium salts A comparative 

study,” J. Power Sources, vol. 54, pp. 289–295, 1995. 

[33] E. Peled et al., “Advanced Model for Solid Electrolyte Interphase Electrodes in 

Liquid and Polymer Electrolytes,” J. Electrochem. Soc., vol. 144, no. 8, pp. 208–210, 

1997. 

[34] A. Andersson et al., “Electrochemically Lithiated Graphite Characterised by 

Photoelectron Spectroscopy,” J. Power Sources, vol. 121, pp. 522–527, 2003. 

[35] P. Bron et al., “Impedance Characterization Reveals Mixed Conducting Interphases 

Between Sulfidic Superionic Conductors and Lithium Metal electrodes,” J. Power 

Sources, vol. 352, pp. 127–134, 2017. 

[36] S. J. An et al., “The State of Understanding of the Lithium–Ion–Battery Graphite 

Solid Electrolyte Interphase (SEI) and its Relationship to Formation Cycling,” 

Carbon N. Y., vol. 105, pp. 52–76, 2016. 

[37] J. O. Besenhard et al., “Filming Mechanism of Lithium–Carbon Anodes in Organic 

and Inorganic Electrolytes,” J. Power Sources, vol. 54, no. 2, pp. 228–231, 1995. 

[38] J. Lang et al., “High Performance Lithium Metal Anode : Progress and Prospects,” 

Energy Storage Mater., vol. 7, no. December 2016, pp. 115–129, 2017. 

 [39] V. A. Agubra and J. W. Fergus, “The Formation and Stability of the Solid Electrolyte 

Interface on the Graphite Anode,” J. Power Sources, vol. 268, pp. 153–162, 2014.  

[40] Y. K. Sun et al., “Electrochemical Performance of Nano–Sized ZnO–coated 

LiNi0.5Mn1.5O4 Spinel as 5 V Materials at Elevated Temperatures,” Electrochem. 

commun., vol. 4, no. 4, pp. 344–348, 2002. 



7 References 

 
161 

 

[41] T. F. Yi et al., “A Review of Recent Developments in the Surface Modification of 

LiMn2O4 as Cathode Material of Power Lithium–Ion Battery,” Ionics, vol. 15, no. 6, 

pp. 779–784, 2009. 

[42] S. S. Zhang, “Liquid Electrolyte Lithium/Sulfur Battery: Fundamental Chemistry, 

Problems, and Solutions,” J. Power Sources, vol. 231, pp. 153–162, 2013. 

[43] E. Markevich et al., “The Effect of a Solid Electrolyte Interphase on the Mechanism 

of Operation of Lithium–Sulfur Batteries,” J. Mater. Chem. A, vol. 3, no. 39, pp. 

19873–19883, 2015. 

[44] M. Vijayakumar et al., “Molecular Structure and Stability of Dissolved Lithium 

Polysulfide Species,” Phys. Chem. Chem. Phys., vol. 16, no. 22, pp. 10923–10932, 

2014. 

[45] S. Liu et al., “Lanthanum Nitrate As Electrolyte Additive To Stabilize the Surface 

Morphology of Lithium Anode for Lithium − Sulfur Battery,” ACS Appl. Mater. 

Interfaces, vol. 8, pp. 7783–7789, 2016. 

[46] S. Wenzel et al., “Interfacial Reactivity Benchmarking of the Sodium Ion 

Conductors Na3PS4 and Sodium β‑Alumina for Protected Sodium Metal Anodes 

and Sodium All–Solid–State Batteries,” ACS Appl. Mater. Interfaces, vol. 8, pp. 

28216–28224, 2016. 

[47] Y. Zhu et al., “Origin of Outstanding Stability in the Lithium Solid Electrolyte 

Materials: Insights from Thermodynamic Analyses Based on First–Principles 

Calculations,” ACS Appl. Mater. Interfaces, vol. 7, no. 42, pp. 23685–23693, 2015. 

[48] S. Wenzel et al., “Interphase Formation on Lithium Solid Electrolytes – An in situ 

Approach to Study Interfacial Reactions by Photoelectron Spectroscopy,” Solid State 

Ionics, vol. 278, pp. 98–105, 2015. 

[49] Y. Zhu et al., “First Principles Study on Electrochemical and Chemical Stability of 

Solid Electrolyte–Electrode Interfaces in All–Solid–State Li–Ion Batteries,” J. Mater. 

Chem. A, vol. 4, no. 9, pp. 3253–3266, 2016. 

[50] A. Schwöbel et al., “Interface Reactions Between LiPON and Lithium Studied by in–



7 References 

 
162 

 

situ X–Ray Photoemission,” Solid State Ionics, vol. 273, pp. 51–54, 2015. 

[51] A. Schwöbel et al., “Determination of the Valence Band Structure of an Alkali 

Phosphorus Oxynitride Glass: A Synchrotron XPS Study on LiPON,” Appl. Surf. Sci., 

vol. 321, pp. 55–60, 2014. 

[52] S. Wenzel et al., “Direct Observation of the Interfacial Instability of the Fast Ionic 

Conductor Li10GeP2S12 at the Lithium Metal Anode,” Chem. Mater., vol. 28, no. 7, 

pp. 2400–2407, 2016. 

[53] G. Nazri, “Preparation, Structure and Ionic Conductivity of Lithium Phosphide,” 

Solid State Ionics, vol. 34, no. 1–2, pp. 97–102, 1989.  

[54] F. Single et al., “Dynamics and Morphology of Solid Electrolyte Interphase (SEI),” 

Phys. Chem. Chem. Phys., vol. 18, pp. 17810–17814, 2016. 

[55] P. Lu et al., “Chemistry , Impedance , and Morphology Evolution in Solid 

Electrolyte Interphase Films during Formation in Lithium Ion Batteries,” J. Phys. 

Chem. C, vol. 118, pp. 896–903, 2014. 

[56] W. D. Richards et al., “Interface Stability in Solid–State Batteries,” Chem. Mater., vol. 

28, no. 1, pp. 266–273, 2016. 

[57] F. Single et al., “Revealing SEI Morphology : In–Depth Analysis of a Modeling,” 

Journal ofThe Electrochemical Society, vol. 164, no. 11, pp. 3132–3145, 2017. 

[58] J. Maier, “Thermodynamics of Electrochemical Lithium Storage,” Angew. Chemie – 

Int. Ed., vol. 52, no. 19, pp. 4998–5026, 2013. 

[59] A. Basile et al., “Stabilizing Lithium Metal Using Ionic Liquids for Long–lived 

Batteries,” Nature communications, vol. 7, pp. 1–11, 2016.  

[60] K. Il Chung et al., “Lithium Phosphorous Oxynitride as a Passive Layer for Anodes 

in Lithium Secondary Batteries,” J. Electroanal. Chem., vol. 566, no. 2, pp. 263–267, 

2004. 

[61] E. Kazyak et al., “Improved Cycle Life and Stability of Lithium Metal Anodes 

through Ultrathin Atomic Layer Deposition Surface Treatments,” Chem. Mater., vol. 



7 References 

 
163 

 

27, pp. 6457–6462, 2015. 

[62] N. J. Dudney, “Addition of a Thin–Film Inorganic Solid Electrolyte (Lipon) as a 

Protective Film in Lithium Batteries with a Liquid Electrolyte,” J. Power Sources, vol. 

89, pp. 176–179, 2008. 

[63] G. A. Umeda et al., “Protection of Lithium Metal Surfaces Using Tetraethoxysilane," 

J. Mater. Chem., vol. 21, pp. 1593–1599, 2011. 

[64] X. Cheng et al., “Implantable Solid Electrolyte Interphase in Lithium–Metal 

Batteries Implantable Solid Electrolyte Interphase in Lithium–Metal Batteries,” 

CHEMPR, vol. 2, no. 2, pp. 258–270, 2017. 

[65] X. Cheng et al., “Sulfurized Solid Electrolyte Interphases with a Rapid Li+ Diffusion 

on Dendrite–free Li Metal Anodes,” Energy Storage Mater., vol. 10, no. February 

2017, pp. 199–205, 2018. 

[66] Z. Hu et al., “Poly(ethyl α‑cyanoacrylate)–Based Artificial Solid Electrolyte Interphase 

Layer for Enhanced Interface Stability of Li Metal Anodes,” Chem. Mater., vol. 29, 

4682–4689, 2017. 

[67] F. Marchioni et al., “Protection of Lithium Metal Surfaces using Chlorosilanes,” 

Langmuir, vol. 23, pp. 11597–11602, 2007. 

[68] G. Ma et al., “A lithium Anode Protection Guided Highly–Stable Lithium–Sulfur 

Battery,” Chem. Commun., vol. 50, pp. 14209–14212, 2014. 

 [69] I. C. Jang et al., “Surface Coating Layer on Li Metal for Increased Cycle Stability of 

Li–O2 Batteries,” Journal of The Electrochemical Society, vol. 161, no. 5, pp. 821–826, 

2014. 

 [70] H. Lee et al., “A Simple Composite Protective Layer Coating that Enhances the 

Cycling Stability of Lithium Metal Batteries,” J. Power Sources, vol. 284, pp. 103–108, 

2015. 

 [71] L. Wang et al., “Li Metal Coated with Amorphous Li 3PO4 via Magnetron Sputtering 

for Stable and long Cycle Life Lithium Metal Batteries,” J. Power Sources, vol. 342, pp. 

175–182, 2017. 



7 References 

 
164 

 

[72] W. Zhou et al., “Plating a Dendrite–Free Lithium Anode with a Polymer/Ceramic/ 

Polymer Sandwich Electrolyte,” J. Am. Chem. Soc., vol. 138, pp. 9385 – 9388, 2016. 

[73] I. Abrahams et al., “A Re‐examination of the Lisicon Structure using High‐

resolution Powder Neutron Diffraction: Evidence for Defect Clustering,” Acta 

Crystallogr. Sect. B, vol. 45, no. 5, pp. 457–462, 1989.  

[74] J. J. Klaassen, Cymbet Corporation, "Thin–Film Batteries with Polymer and LiPON 

Electrolyte Layers and Method", United States Patent 7776478, 2010. 

[75] J. J. Klaassen, Cymbet Corporation, "Thin–Film Batteries with Soft and Hard 

Electrolyte Layers and Method", United States Patent 7931989, 2011. 

[76] W. C. West et al., “Chemical Stability Enhancement of Lithium Conducting Solid 

Electrolyte Plates Using Sputtered LiPON Thin Films,” J. Power Sources, vol. 126, no. 

1–2, pp. 134–138, 2004. 

[77] S. J. Visco, F. Y. Tsang, PolyPlus Battery Company, "Method for Forming 

Encapsulated Lithium Electrodes Having Glass Protective Layers," United States 

Patent 6432584, 2002. 

[78] S. Wenzel et al., “Interphase Formation and Degradation of Charge Transfer 

Kinetics Between a Lithium Metal Anode and Highly Crystalline Li7P3S11 Solid 

Electrolyte,” Solid State Ionics, vol. 286, pp. 24–33, 2016.  

[79] A. Schwöbel et al., “Interface Reactions Between LiPON and Lithium Studied by in–

situ X–Ray Photoemission,” Solid State Ionics, vol. 273, pp. 51–54, 2015. 

[80] M. Wu et al., “Electrochemical Behaviors of a Li3N Modified Li Metal Electrode in 

Secondary Lithium Batteries,” J. Power Sources, vol. 196, no. 19, pp. 8091–8097, 

2011. 

[81] Y. J. Zhang et al., “An ex–situ nitridation route to synthesize Li3N–modified Li 

anodes for lithium secondary batteries,” J. Power Sources, vol. 277, pp. 304–311, 

2015. 

[82] H. Xu et al., “Li3N–Modified Garnet Electrolyte for All–Solid–State Lithium Metal 

Batteries Operated at 40 °C,” Nano Lett., vol. 18, no. 11, pp. 7414–7418, 2018. 



7 References 

 
165 

 

 [83] W. Li et al., “Li+ Ion Conductivity and Diffusion Mechanism in α–Li3N and β–

Li3N,” Energy Environ. Sci., vol. 3, no. 10, p. 1524, 2010. 

[84] Y. Zhu et al., “Strategies Based on Nitride Materials Chemistry to Stabilize Li Metal 

Anode,” Adv. Sci, vol. 4, 2017. 

 [85] J. Reinacher et al., “Preparation and Electrical Properties of Garnet–type 

Li6BaLa2Ta2O12 Lithium Solid Electrolyte Thin Films Prepared by Pulsed Laser 

Deposition,” Solid State Ionics, vol. 258, pp. 1–7, 2014. 

[86] W. J. Zhang, “A Review of the Electrochemical Performance of Alloy Anodes for 

Lithium–Ion Batteries,” J. Power Sources, vol. 196, no. 1, pp. 13–24, 2011. 

[87] M. Nagao et al., “Bulk–Type Lithium Metal Secondary Battery with Indium Thin 

Layer at Interface between Li Electrode and Li2S–P2S5 Solid Electrolyte,” 

Electrochemistry, vol. 80, no. 10, pp. 734–736, 2012. 

[88] J. Lau et al., “Sulfide Solid Electrolytes for Lithium Battery Applications,” Adv. Energy 

Mater., vol. 8, no. 27, pp. 1–24, 2018. 

 [89] W. Zhang et al., “Degradation Mechanisms at the Li10GeP2S12/LiCoO2 Cathode 

Interface in an All‐Solid‐State Lithium‐Ion Battery,” ACS Appl. Mater. Interfaces, vol. 

10, no. 26, pp. 22226–22236, 2018. 

[90] A. L. Santhosha et al.,  “The Indium−Lithium Electrode in Solid‐State Lithium‐Ion 

Batteries: Phase Formation, Redox Potentials, and Interface Stability,” Batter. 

Supercaps, vol. 2, no. 6, pp. 524–529, 2019. 

[91] Y. Liu et al., “Germanium Thin Film Protected Lithium Aluminum Germanium 

Phosphate for Solid–State Li Batteries,” Adv. Energy Mater., vol. 8, no. 16, pp. 1–7, 

2018. 

[92] J. Sangster and A. D. Pelton, “The Ge‐Li (germanium‐lithium) system,” J. Phase 

Equilibria, vol. 18, no. 3, pp. 289–294, 1997. 

[93] Y. Zhu et al., “Dopant‐Dependent Stability of Garnet Solid Electrolyte Interfaces 

with Lithium Metal,” Adv. Energy Mater., vol. 9, no. 12, pp. 1–11, 2019. 



7 References 

 
166 

 

[94] T. Nakamura et al., “Guidelines for All–Solid–State Battery Design and Electrode 

Buffer Layers Based on Chemical Potential Profile Calculation,” ACS Appl. Mater. 

Interfaces ,vol. 11, pp. 19968–19976, 2019. 

[95] N. J. J. De Klerk and M. Wagemaker, “Space–Charge Layers in All–Solid–State 

Batteries; Important or Negligible?,” ACS Appl. Energy Mater., vol. 1, no. 10, pp. 

5609–5618, 2018. 

[97] Motoyama et al., “In Situ Scanning Electron Microscope Observations of Li 

Plating/Stripping Reactions with Pt Current Collectors on LiPON Electrolyte,” J. 

Electrochem. Soc., vol. 165, no. 7, pp. A1338–A1347, 2018. 

[97] F. Sagane et al., “Effects of current densities on the lithium plating morphology at a 

lithium phosphorus oxynitride glass electrolyte/copper thin film interface,” J. Power 

Sources, vol. 233, pp. 34–42, 2013. 

[98] V. Zinth et al., “Lithium plating in lithium–ion batteries at sub–ambient 

temperatures investigated by in situ neutron diffraction,” J. Power Sources, vol. 271, 

pp. 152–159, 2014. 

[99] M. Petzle et al. , “Lithium plating in a commercial lithium–ion battery: A low–

temperature aging study,” J. Power Sources, vol. 275, pp. 799–807, 2015. 

[100] H. Liu et al., “Plating/Stripping Behavior of Actual Lithium Metal Anode,” Adv. 

Energy Mater., vol. 9, no. 44, pp. 1–7, 2019. 

[101] Q. Liu et al., “Understanding undesirable anode lithium plating issues in lithium–

ion batteries,” RSC Adv., vol. 6, no. 91, pp. 88683–88700, 2016. 

[102] C. von Lüders et al., “Modeling of lithium plating and lithium stripping in lithium–

ion batteries,” J. Power Sources, vol. 414, no. October 2018, pp. 41–47, 2019. 

[103] S. Zhang et al., “Understanding the dropping of lithium plating potential in 

carbonate electrolyte,” Nano Energy, vol. 70, p. 104486, 2020. 

[104] D. Ren et al., “Investigation of Lithium Plating–Stripping Process in Li–Ion Batteries 

at Low Temperature Using an Electrochemical Model,” J. Electrochem. Soc., vol. 165, 

no. 10, pp. A2167–A2178, 2018. 



7 References 

 
167 

 

[105] T. R. Tanim et al., “Electrochemical Quantification of Lithium Plating: Challenges 

and Considerations,” J. Electrochem. Soc., vol. 166, no. 12, pp. A2689–A2696, 2019. 

[106] K. Yamamoto et al., “Direct Observation of Lithium–Ion Movement Around an in–

situ Formed Negative Electrode/Solid–State–Electrolyte Interface During Initial  

Charge–Discharge Reaction,” Electrochem. commun., vol. 20, no. 1, pp. 113–116, 

2012. 

[107] M. Motoyama, et al., “In‐Situ Electron Microscope Observations of Electrochemical 

Li Deposition/Dissolution with a LiPON Electrolyte,” Electrochemistry, pp. 3–7, 

2014. 

[108] M. C. Smart and B. V Ratnakumar, “Effects of Electrolyte Composition on Lithium 

Plating in Lithium‐Ion Cells,” J. Electrochem. Soc., vol. 158, no. 4, pp. 379–389, 

2011. 

[109] L. Gireaud et al., “Lithium metal stripping / plating mechanisms studies : A 

metallurgical approach,” Electrochemistry Communications, vol. 8, pp. 1639–1649, 

2006. 

[110] R. Zhang et al., “Lithiophilic Sites in Doped Graphene Guide Uniform Lithium 

Nucleation for Dendrite–Free Lithium Metal Anodes,” Angew. Chemie – Int. Ed., vol. 

56, no. 27, pp. 7764–7768, 2017. 

[111] A. Pei et al., “Nanoscale Nucleation and Growth of Electrodeposited Lithium 

Metal,” Nano Lett., vol. 17, no. 2, pp. 1132–1139, 2017. 

[112] K. Okita et al., “Stabilizing lithium plating–stripping reaction between a lithium 

phosphorus oxynitride glass electrolyte and copper thin film by platinum insertion,” 

J. Power Sources, vol. 196, no. 4, pp. 2135–2142, 2011.  

[113] F. Sagane, K. I. Ikeda, K. Okita, H. Sano, H. Sakaebe, and Y. Iriyama, “Effects of 

current densities on the lithium plating morphology at a lithium phosphorus 

oxynitride glass electrolyte/copper thin film interface,” J. Power Sources, vol. 233, pp. 

34–42, 2013. 

[114] H. Schmalzried, “Chemical Kinetics of Solids,”Materials Science Forum, vols. 239–



7 References 

 
168 

 

241, pp. 381–386, 1997  

[115] L. C. De Jonghe, “Transport Number Gradients and Solid Electrolyte Degradation,” 

J. Electrochem. Soc., 1982. 

[116] M. Motoyama, et al., “In‐Situ Electron Microscope Observations of Electrochemical 

Li Deposition/Dissolution with a LiPON Electrolyte,” Electrochemistry, pp. 3–7, 

2014. 

[117] M. Motoyama et al., “Modeling the Nucleation and Growth of Li at Metal Current 

Collector / LiPON Interfaces,” J. Electrochem. Soc, vol. 162, no. 13, pp. 7067–7071, 

2015. 

[118] Y. Iriyama et al., “Reduction of Charge Transfer Resistance at the Lithium 

Phosphorus Oxynitride/Lithium Cobalt Oxide Interface by Thermal Treatment,” J. 

Power Sources, vol. 146, no. 1–2, pp. 745–748, 2005. 

[119] M. Haro et al., “Germanium Coating Boosts Lithium Uptake in Si Nanotube Battery 

Anodes,” Phys. Chem. Chem. Phys., vol. 16, no. 33, pp. 17930–17935, 2014. 

[120] S. J. Visco, et al., PolyPlus Battery Company, "Ionically Conductive Composites for 

Protection of Active Metal Anodes and Battery Cells,” United States Patent 

7390591, 2008. 

[121] S. J. Visco et al., PolyPlus Battery Company "Compositions and Methods for 

Protection of Active Metal Anodes and Polymer Electrolytes,“ United States Patent 

2008/0318132, 2008. 

[122] S. J. Visco and Y. S. Nimon, PolyPlus Battery Company, "Protected Lithium 

Electrodes Having Tape Case Ceramic and Glass–Ceramic Membranes,“ United 

States Patent 2012/0219842, 2012. 

[123] S. Wenzel et al., “Interfacial Reactivity and Interphase Growth of Argyrodite Solid 

Electrolytes at Lithium Metal Electrodes,” Solid State Ionics, vol. 318, pp. 102–112, 

2018. 

[124] J. B. Bates et al., “Rechargeable Thin–Film Lithium Batteries,” Solid State Ionics, vol. 

70–71, pp. 619–628, 1994. 



7 References 

 
169 

 

[125] J. B. Bates et al., “Thin–Film Rechargeable Lithium Batteries,” J. Power Sources, vol. 

54, no. 1, pp. 58–62, 1995. 

[126] J. B. Bates et al., “Fabrication and Characterization of Amorphous Lithium 

Electrolyte Thin Films and Rechargeable Thin–Film Batteries,” J. Power Sources, vol. 

43, no. 1–3, pp. 103–110, 1993. 

[127] Y. Kim et al., “High voltage stability of LiCoO2 particles with a nano–scale Lipon 

coating,” Electrochim. Acta, vol. 56, no. 19, pp. 6573–6580, 2011. 

[128] N. J. Dudney, B.J. Neudecker, “Solid State Thin–Film Lithium Battery Systems,” 

Mater. Sci. Eng. B, vol. 116, no. 1999, pp. 245–249, 2005. 

[129] A. S. Christiansen et al., “Plasma Properties During Magnetron Sputtering of 

Lithium Phosphorous Oxynitride Thin Films,” J. Power Sources, vol. 273, pp. 863–

872, 2015. 

[130] S. Jacke et al., “Temperature Dependent Phosphorous Oxynitride Growth for All–

Solid–State Batteries,” J. Power Sources, vol. 196, no. 16, pp. 6911–6914, 2011. 

[131] H. Y. Park et al., “Effects of Sputtering Pressure on the Characteristics of Lithium 

Ion Conductive Lithium Phosphorous Oxynitride Thin Film,” J. Electroceramics, vol. 

17, no. 2–4, pp. 1023–1030, 2006. 

[132] Y. Hamon et al., “Influence of Sputtering Conditions on Ionic Conductivity of 

LiPON Thin Films,” Solid State Ionics, vol. 177, no. 3–4, pp. 257–261, 2006. 

[133] S. Jacke et al., “Investigation of the Solid–State Electrolyte/Cathode LiPON/LiCoO2 

Interface by Photoelectron Spectroscopy,” Ionics, vol. 16, no. 9, pp. 769–775, 2010. 

[134] N. Mascaraque et al., “An Interpretation for the Increase of Ionic Conductivity by 

Nitrogen Incorporation in LiPON Oxynitride Glasses,” Solid State Ionics, vol. 233, 

pp. 73–79, 2013.  

[135] N. J. Dudney and B. J. Neudecker, “Solid State Thin–Film lithium Battery Systems,” 

Curr. Opin. Solid State Mater. Sci., vol. 4, pp. 479–482, 1999. 

[136] Y. Su et al., “LiPON thin films with high nitrogen content for application in lithium 



7 References 

 
170 

 

batteries and electrochromic devices prepared by RF magnetron sputtering,” Solid 

State Ionics, vol. 282, pp. 63–69, 2015. 

[137] C. H. Choi et al., “Radio–Frequency Magnetron Sputtering Power Effect on the 

Ionic Conductivities of Lipon Films,” Electrochem. Solid–State Lett., vol. 5, no. 1, p. 

A14, 2002. 

[138] S. Sicolo and K. Albe, “First–Principles Calculations on Structure and Properties of 

Amorphous Li5P4O8N3 (LiPON),” J. Power Sources, vol. 331, pp. 382–390, 2016. 

[139] N. Suzuki et al., “A Lithium Phosphorous Oxynitride (LiPON) Film Sputtered from 

Unsintered Li3PO4 Powder Target,” Solid State Ionics, vol. 191, no. 1, pp. 49–54, 

2011. 

[140] C. S. Nimisha et al., “Sputter Deposited LiPON Thin Films from Powder Target as 

Electrolyte for Thin Film Battery Applications,” Thin Solid Films, vol. 519, no. 10, pp. 

3401–3406, 2011. 

[141] X. Yu et al., “A Stable Thin–Film Lithium Electrolyte: Lithium Phosphorus 

Oxynitride,” J. Electrochem. Soc. Sci., vol. 144, no. 2, pp. 524–532, 1997. 

[142] B. Fleutot et al., “Investigation of the Local Structure of LiPON Thin Films to Better 

Understand the Role of Nitrogen on their Performance,” Solid State Ionics, vol. 186, 

no. 1, pp. 29–36, 2011. 

[143] Z. Hu et al., “Influence of Radio Frequency Power on Structure and Ionic 

Conductivity of LiPON Thin Films,” Bull. Mater. Sci., vol. 31, no. 4, pp. 681–686, 

2008. 

[144] F. Xu et al., “Properties of Lithium Phosphorus Oxynitride (Lipon) for 3D Solid–

State Lithium Batteries,” J. Mater. Res., vol. 25, no. 8, pp. 1507–1515, 2010. 

[145]  J. B. Bates et al., “Thin–Film Lithium and Lithium–Ion Batteries,” Solid State Ionics, 

vol. 135, no. 1–4, pp. 33–45, 2000. 

[146] E. Jeong et al., “Investigation of Interfacial Resistance between LiCoO2 Cathode and 

LiPON Electrolyte in the Thin Film Battery,” J. Power Sources, vol. 159, no. 1 SPEC. 

ISS., pp. 223–226, 2006. 



7 References 

 
171 

 

[147] B. Wang et al., “Characterization of Thin–Film Rechargeable Lithium Batteries with 

Lithium Cobalt Oxide Cathodes,” J. Electrochem. Soc., vol. 143, no. 10, p. 3203, 

1996. 

[148] B. J. Neudecker et al., “‘ Lithium–Free ’ Thin–Film Battery with In Situ Plated Li 

Anode,” J. Electrochem. Soc, vol. 147, no. 2, pp. 517–523, 2000. 

[149] U. v. Alpen et al., “Ionic Conductivity in Li3N Single Crystals,” Appl. Phys. Lett., vol. 

30, no. 12, pp. 621–623, 1977. 

[150] R. Bittihn, “Self Discharge of Li3N Based All Solid State Cells,” Solid State Ionics, vol. 

8, pp. 83–88, 1983. 

[151] T. Lapp et al., “Ionic Conductivity of Pure and Doped Li3N,” Solid State Ionics, vol. 

11, no. 2, pp. 97–103, 1983. 

[152] U. v. Alpen, “Li3N: A Promising Li Ionic Conductor,” J. Solid State Chem., vol. 29, 

no. 3, pp. 379–392, 1979. 

[153] W. Schnick et al., “Phosphorus Nitride P3N5: Synthesis, Spectroscopic, and Electron 

Microscopic Investigations,” Chem. Mater., vol. 8, no. 1, pp. 281–286, 1996. 

[154] W. Schnick, “Phosphorus(V) Nitrides: Preparation, Properties, and Possible 

Applications of New Solid State Materials with Structural Analogies to Phosphates 

and Silicates,” Phosphorus, Sulfur, and Silicon, vol. 76, no. 1–4, pp. 183–186, 1993. 

[155] W. Schnick, “From Molecules to Solids: Novel Nitrido Compounds,” Comments 

Inorg. Chem., vol. 17, no. 4, pp. 189–211, 1995. 

[156] E. Bertschler et al., “Li12P3N9 with Non–Condensed [P3N9 ]12– Rings and its High–

Pressure Polymorph Li4PN3 with Infinite Chains of PN4 –Tetrahedra,” Chem.Eur.J., 

vol. 23, pp. 9592–9599, 2017. 

[157] W. Zhang et al., “Interfacial Processes and Influence of Composite Cathode 

Microstructure Controlling the Performance of All–Solid–State Lithium Batteries,” 

ACS Appl. Mater. Interfaces, vol. 9, no. 21, pp. 17835–17845, 2017. 

[158] C. S. Nimisha et al., “Chemical and Microstructural Modifications in LiPON Thin 



7 References 

 
172 

 

Films Exposed to Atmospheric Humidity,” Solid State Ionics, vol. 185, no. 1, pp. 47–

51, 2011. 

[159] T. V. Vu and C. Park, “Conformal deposition of lithium phosphate thin film 

electrolytes for 3D solid state batteries by MOCVD,” Solid State Ionics, vol. 313, pp. 

14–21, 2017. 

[160] N. D. Lepley et al., “Structures , Li+ Mobilities, and Interfacial Properties of Solid 

Electrolytes Li3PS4 and Li3PO4 from First Principles,” Phys. Rev. B, vol. 88, 2013. 

[161] N. D. Lepley and N. A. W. Holzwarth, “Modeling Interfaces between Solids: 

Application to Li Battery Materials,” Phys. Rev. B, vol. 92, no. 21, 2015. 

[162] M. R. Alexander et al., “Quantification of Oxide Film Thickness at the Surface of 

Aluminium using XPS,” Surf. Interface Anal., vol. 34, no. 1, pp. 485–489, 2002. 

[163] A. V. Lubenchenko et al., “XPS Study of Multilayer Multicomponent Films,” Appl. 

Surf. Sci., vol. 427, pp. 711–721, 2018. 

[164]  J. M. Hill et al., “Properties of Oxidized Silicon as Determined by Angular–

Dependent X–Ray Photoelectron Spectroscopy,” Chem. Phys. Lett., vol. 44, no. 2, pp. 

225–231, 1976. 

 [165] P. J. Cumpson and P. J. Cumpson, “Thickogram : A method for easy film thickness 

measurement in XPS The Thickogram : a method for easy film thickness 

measurement in XPS,” vol. 9918, no. June 2000, 2017. 

[166] H. Schmalzried, Chemical Kinetics of Solids. John Wiley & Sons,1995. 

IBSN: 978–3–527–61552–0 

[167] L. Le Van–Jodin et al., “Dielectric Properties, Conductivity and Li+ Ion Motion in 

LiPON Thin Films,” Solid State Ionics, vol. 253, pp. 151–156, 2013. 

[168] B. A. Boukamp and R. A. Huggins, “Ionic Conductivity in Lithium Imide,” Physics 

letters, vol. 72, no. 6, pp. 464–466. 

[169] U. v. Alpen et al., “Ionic Conductivity in Li3N Single Crystals,” Appl. Phys. Lett., vol. 

30, no. 12, pp. 621–623, 1977. 



7 References 

 
173 

 

[170] S. Kirkpatrick, “Percolation and Conduction,” Rev. Mod. Phys., vol. 45, no. 4, pp. 

574–588, 1973. 

[171] S. Larfaillou et al., “Comprehensive Characterization of All–Solid–State Thin Films 

Commercial Microbatteries by Electrochemical Impedance Spectroscopy,” J. Power 

Sources, vol. 319, pp. 139–146, 2016. 

[172] P. Schichtel et al., “On the Impedance and Phase Transition of Thin Film All–

Solid–State Batteries Based on the Li4Ti5O12 System,” J. Power Sources, vol. 360, pp. 

593–604, 2017. 

[173] Material properties, retrieved from www.materialsproject.org. Accessed: 

2019/01/19. 

[174] E.–M. Bertschler, C. Dietrich, W. Schnick, J. Janek, and T. Leichtweiß, “ Li+ Ion 

Conductors with Adamantane–Type Nitridophosphate Anions β–Li10P4N10 and 

Li13P4N10X3 with X =Cl, Br ,” Chem. – A Eur. J., vol. 24, no. 1, pp. 196–205, 2017. 

[175] E.–M. Bertschler, C. Dietrich, J. Janek, and W. Schnick, “ Li18P6N16 – A Lithium 

Nitridophosphate with Unprecedented Tricyclic [P6N16 ]18– Ions ,” Chem. – A Eur. J., 

vol. 23, no. 9, pp. 2185–2191, 2016. 

[176] W. Zhang et al., “(Electro)chemical Expansion During Cycling: Monitoring the 

Pressure Changes in Operating Solid–State Lithium Batteries,” J. Mater. Chem. A, 

vol. 5, no. 20, pp. 9929–9936, 2017. 

[177] W. Zhang et al., “Interfacial Processes and Influence of Composite Cathode 

Microstructure Controlling the Performance of All–Solid–State Lithium Batteries,” 

ACS Appl. Mater. Interfaces, vol. 9, no. 21, pp. 17835–17845, 2017. 

[178] R. Koerver et al., “Chemo–Mechanical Expansion of Lithium Electrode Materials – 

On the Route to Mechanically Optimized All–Solid–State Batteries,” Energy Environ. 

Sci., vol. 11, pp. 2142–2158, 2018. 

[179] R. Koerver et al., “Capacity Fade in Solid–State Batteries : Interphase Formation and 

Chemomechanical Processes in Nickel–Rich Layered Oxide Cathodes and Lithium 

Thiophosphate Solid Electrolytes,” Chem. Mater., vol. 29, pp. 5574–5582, 2017. 



7 References 

 
174 

 

[180] C. Dietrich et al., “Lithium Ion Conductivity in Li2S–P2S5 Glasses – Building Units 

and Local Structure Evolution During the Crystallization of Superionic Conductors 

Li3PS4, Li7P3S11 and Li4P2S7,” J. Mater. Chem. A, vol. 5, no. 34, pp. 18111–18119, 

2017. 

[181] Z. Liu et al., “Anomalous High Ionic Conductivity of Nanoporous β‑Li3PS4,” J. Am. 

Chem. Soc., vol. 135, pp. 975–978, 2013. 

[182] H. Kim et al., “Metallic Anodes for Next Generation Secondary Batteries,” Chem. 

Soc. Rev., vol. 42, no. 23, pp. 9011–9034, 2013. 

[183] H. Gwon et al., “Recent Progress on Flexible Lithium Rechargeable Batteries,” Energy 

Environ. Sci., vol. 7, no. 2, pp. 538–551, 2014. 

[184] G. Zhou et al., “Progress in Flexible Lithium Batteries and Future Prospects,” Energy 

Environ. Sci., vol. 7, no. 4, pp. 1307–1338, 2014. 

[185] B. Liu et al., “Hierarchical 3D ZnCo2O4 Nanowire Arrays / Carbon Cloth Anodes 

for A Novel Class of High–Performance Flexible Lithium–ion Batteries,” Nano Lett., 

pp. 3005–3011, 2012. 

[186] S. Wenzel et al., “Interfacial Reactivity and Interphase Growth of Argyrodite Solid 

Electrolytes at Lithium Metal Electrodes,” Solid State Ionics, vol. 318, pp. 102–112, 

2018. 

[187] Y. Su et al., “Electrochemical Properties and Optical Transmission of High Li+ 

Conducting LiSiPON Electrolyte Films,” Phys. Status Solidi B, vol. 254, no. 8, 2016. 

[188] F. Michel et al., “Electrochemical and Optical Properties of Lithium Ion Conducting 

LiPSON Solid Electrolyte Films,” Phys. Status Solidi B, 2019. 

[189] K.–H. Joo et al., “Lithium Ion Conducting Lithium Sulfur Oxynitride Thin Film,” 

Electrochem. Solid–State Lett., vol. 7, no. 8, pp. A256–A258, 2004. 

[190] J. M. Lee et al., “Study on the LLT Solid Electrolyte Thin Film with LiPON 

Interlayer Intervening between LLT and Electrodes,” J. Power Sources, vol. 163, no. 1, 

pp. 173–179, 2006. 



7 References 

 
175 

 

[191] W. Schnick and J. Luecke, “Lithium Ion Conductivity of LiPN2 and Li7PN4,” Solid 

State Ionics, vol. 38, no. 3–4, pp. 271–273, 1990. 

[192] J. H. Woo et al., “Nanoscale Interface Modification of LiCoO2 by Al2O3 Atomic 

Layer Deposition for Solid–State Li Batteries,” J. Electrochem. Soc., vol. 159, no. 7, pp. 

A1120–A1124, 2012. 

[193] K. Okada et al., “Preparation and Electrochemical Properties of LiAlO2 –Coated 

Li(Ni1/3Mn1/3Co1/3)O2 for All–Solid–sSateBbatteries,” Solid State Ionics, vol. 255, pp. 

120–127, 2014. 

[194] S. J. Visco et al., PolyPlus Battery Company, "Advanced Lithium Ion Batteries Based 

on Solid State Protected Lithium Electrodes", United States Patent 2016/0351878, 

2016. 

[195] Y. Iriyama et al., “A New Kind of All–Solid–State Thin–Film–Type Lithium–Ion 

Battery Developed by Applying a D.C. High Voltage,” Electrochem. commun., vol. 8, 

no. 8, pp. 1287–1291, 2006. 

[196] Y. Bai et al., “New Concept of Surface Modification to LiCoO2,” J. Power Sources, vol. 

174, no. 1, pp. 328–334, 2007.  

[197] E. Jeong et al. , “Investigation of interfacial resistance between LiCoO2 cathode and 

LiPON electrolyte in the thin film battery,” J. Power Sources, vol. 159, no. 1 SPEC. 

ISS., pp. 223–226, 2006. 

[198]  H.–M. Cheng et al., “Enhanced Cycleabity in Lithium Ion Batteries: Resulting from 

Atomic Layer Depostion of Al2O3 or TiO2 on LiCoO2 Electrodes,” J. Phys. Chem. C, 

vol. 116, pp. 7629–7637, 2012. 

[199] E. Jung and Y. J. Park, “Suppression of Interface Reaction of LiCoO2 Thin Films by 

Al2O3–Coating,” J. Electroceramics, vol. 29, no. 1, pp. 23–28, 2012. 

[200] K. Takahashi et al., “Effects of Intermediate Layer on Interfacial Resistance for All–

Solid–State Lithium Batteries using Lithium Borohydride,” Solid State Ionics, vol. 

262, pp. 179–182, 2014. 

[201] Y.–S. S. Jung et al., “Enhanced Stability of LiCoO2 Cathodes in Lithium–Ion 



7 References 

 
176 

 

Batteries Using Surface Modification by Atomic Layer Deposition,” J. Electrochem. 

Soc., vol. 157, no. 1, p. A75, 2010.  

[202] Y. J. Kim et al., “Electrochemical Stability of Thin–Film LiCoO2 Cathodes by 

Aluminum–Oxide Coating,” Chem. Mater., vol. 15, no. 7, pp. 1505–1511, 2003. 

[203] S. Madhavi et al., “Effect of Aluminium Doping on Cathodic Behaviour of 

LiNi0.7Co0.3O2,” J. Power Sources, vol. 93, no. 1–2 pp. 156–162, 2001. 

[204] C. Delmas et al., “An Overview of the Li(Ni,M)O2 Systems: Syntheses, Structures 

and Properties,” Electrochim. Acta, vol. 45, no. 1–2, pp. 243–253, 1999. 

[205] T. Ohzuku et al., “Synthesis and Characterization of LiAI1/4Ni3/4O2 (R3m) for 

Lithium–Ion (Shuttlecock)Batteries,”, J. Electrochem. Soc., vol. 142, no. 12, pp. 4033–

4039, 1995. 

[206] Toyota–global.com, “Toyota annual report 2017,” 2017. 

 Retrieved from: https://www.toyota–

global.com/pages/contents/investors/ir_library/annual/pdf/2017/annual_report_2

017_fie.pdf, Accessed: 2019/07/23.  

[207] ADAC, Test: Stromverbrauch von Elektroautos,” 2018.  

Retrieved from: https://www.adac.de/rund–ums–

fahrzeug/tests/elektromobilitaet/stromverbrauch–elektroautos–adac–test/, 

Accessed: 2019/07/23. 

[208] ADAC, “ADAC Eco Test Datenblatt,” 2016.  

Retrieved from: https://www.adac.de/_mmm/pdf/FTKInfo%20EcoTest%20Test–

%20und%20Bewertungskriterien%20ab%2012_2016_936KB_292234.pdf,  

Accessed: 2019/07/23.  

[209] Ecomento.de, "So sieht Teslas 100–kWh–Akku von Innen aus”, Retrieved from: 

https://ecomento.de/2017/01/31/so–sieht–teslas–100–kwh–akku–von–innen–

aus/, Accessed: 2019/07/23. 

[210] Panasonic, “Data sheet Panasonic NCR–18650B”, 

Retrieved from: https://www.batteryspace.com/prod–specs/NCR18650B.pdf, 

https://www.toyota-global.com/pages/contents/investors/ir_library/annual/pdf/2017/annual_report_2017_fie.pdf
https://www.toyota-global.com/pages/contents/investors/ir_library/annual/pdf/2017/annual_report_2017_fie.pdf
https://www.toyota-global.com/pages/contents/investors/ir_library/annual/pdf/2017/annual_report_2017_fie.pdf
https://www.adac.de/rund-ums-fahrzeug/tests/elektromobilitaet/stromverbrauch-elektroautos-adac-test/
https://www.adac.de/rund-ums-fahrzeug/tests/elektromobilitaet/stromverbrauch-elektroautos-adac-test/
https://www.adac.de/_mmm/pdf/FTKInfo%20EcoTest%20Test-%20und%20Bewertungskriterien%20ab%2012_2016_936KB_292234.pdf
https://www.adac.de/_mmm/pdf/FTKInfo%20EcoTest%20Test-%20und%20Bewertungskriterien%20ab%2012_2016_936KB_292234.pdf
https://ecomento.de/2017/01/31/so-sieht-teslas-100-kwh-akku-von-innen-aus/
https://ecomento.de/2017/01/31/so-sieht-teslas-100-kwh-akku-von-innen-aus/
https://www.batteryspace.com/prod-specs/NCR18650B.pdf


7 References 

 
177 

 

Accessed: 2019/07/23.  

[211] ADAC, “Kenndaten Tesla Model S 100D.”  

Retrieved from: 

https://www.adac.de/infotestrat/autodatenbank/wunschauto/detail.aspx?mid=2816

79&show=ecotest, Accessed: 2019/07/23. 

[212] Buchmann, Isidor, "BU–1003: Electric Vehicle (EV)", Retrieved from 

https://batteryuniversity.com/index.php/learn/article/electric_vehicle_ev, 

Accessed: 2019/01/19. 

[213] ADAC, “Autotest Tesla Model S Performance,” Retrieved from: 

https://www.adac.de/_ext/itr/tests/autotest/AT5022_Tesla_Model_S_Performanc

e/Tesla_Model_S_Performance.pdf, Accessed: 2019/07/23. 

[214] A. Kulkarni et al., “Battery Packaging and System Design for an Electric Vehicle,” 

SAE Tech. Pap. Ser., vol. 1, 2015. 

[215] D. Hill et al., Proterra Inc., "Low–Floor Electric Vehicle" United States Patent 

2018/0006283, 2018. 

[216] N. Bao and R. Zhao, “Design optimization of battery holder for electric vehicle,” 

2018 6th Int. Conf. Mech. Automot. Mater. Eng. C. 2018, pp. 79–84, 2018. 

[217] P. Arora et al., A Review: Battery Separator," , Chem. Rev., vol. 104, pp. 4419−4462, 

2004. 

[218] C. J. Orendorff, “The Role of Separators in Lithium–Ion Cell Safety,” Interface Mag., 

vol. 21, no. 2, pp. 61–65, 2016. 

[219] J. F. M. Oudenhoven et al., “All–Solid–State Lithium–Ion Microbatteries: A Review 

of Various Three–Dimensional Concepts,” Adv. Energy Mater., vol. 1, no. 1, pp. 10–

33, 2011. 

[220] P. H. L. Notten et al., “3–D Integrated All–Solid–State Rechargeable Batteries,” Adv. 

Mater., vol. 19, no. 24, pp. 4564–4567, 2007. 

[221] InsideEVs.com, M. Kane, “BMW i3 Samsung SDI 94 Ah Battery Rated For 524,000 

Miles”  

https://www.adac.de/infotestrat/autodatenbank/wunschauto/detail.aspx?mid=281679&show=ecotest
https://www.adac.de/infotestrat/autodatenbank/wunschauto/detail.aspx?mid=281679&show=ecotest
https://batteryuniversity.com/index.php/learn/article/electric_vehicle_ev
https://www.adac.de/_ext/itr/tests/autotest/AT5022_Tesla_Model_S_Performance/Tesla_Model_S_Performance.pdf
https://www.adac.de/_ext/itr/tests/autotest/AT5022_Tesla_Model_S_Performance/Tesla_Model_S_Performance.pdf


7 References 

 
178 

 

Retrieved from: https://insideevs.com/lets–look–at–the–specs–of–the–samsung–

sdi–94–ah–battery/, Accessed: 2019/01/19. 

[222] M. S. Balogun et al., “A Review of the Development of Full Cell Lithium–Ion 

Batteries: The Impact of Nanostructured Anode Materials,” Nano Res., vol. 9, no. 10, 

pp. 2823–2851, 2016. 

[223] A. D. Roberts et al., “Porous Carbon Spheres and Monoliths: Morphology Control, 

Pore Size Tuning and their Applications as Li–Ion Battery Anode Materials,” Chem. 

Soc. Rev., vol. 43, no. 13, pp. 4341–4356, 2014. 

[224] A. Ulvestad, “A Brief Review of Current Lithium Ion Battery Technology and 

Potential Solid State Battery Technologies,” 2018., Accessible via: 

https://arxiv.org/abs/1803.04317, Accessed: 2019/07/22. 

[225] Metalary.com “Metal prices,”  

Retrieved from: https://www.metalary.com/, Accessed: 2019/01/19. 

 [226] C. Schröder, “Industrielle Arbeitskosten im Internationalen Vergleich 

Berechnungsmethode,” IW–Trends, vol. 43, no. 3, pp. 39–57, 2016. 

[227] OECD (2019), Hours worked (indicator). doi: 10.1787/47be1c78–en, Accessed: 

2019/05/22. 

[228] Tesla, “Gigafactory,” Retrieved from: 

https://www.tesla.com/sites/default/files/blog_attachments/gigafactory.pdf, 

Accessed: 2019/07/23. 

[229] U. Berger and W. Schnick, “Li10P4N10 – ein Lithium–phosphor(v)–nitrid mit dem 

neuen komplexen Anion [P4N10]10–,” Angew. Chemie, vol. 103, no. 7, pp. 857–858, 

1991. 

  

 

 

 

 

https://arxiv.org/abs/1803.04317


Appendix A                                                                                                    Symbols and abbreviations 

179 
 

 

8  

Appendix  
 

 

Appendix A  
  

 

Symbols and abbreviations  
 

 

 

 

 

 

 

 

 

Table A 1: Scaling factors. 

   
Unit Name Value 

G Giga 109 
M Mega 106 
K Kilo 103 
C Centi 10–2 
M Milli 10–3 
µ Micro 10–6 
N Nano 10–9 
Å Angström 10–10 m  
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Table A 2: Units. 

   
Unit  Name  Physical Quantity  
A Ampere Current 
At% Atomic percent Atomic fraction 
Bar Bar Pressure 
C  Coulomb Charge 
°C Degree Celsius Temperature 
eV Electron volt Energy 
F  Farad Capacitance 

G Gram Mass  

H Hour Time  
J Joule Energy  

Kg Kilogram Mass  

K Kelvin Absolute temperature 

L Liter Volume 

M Meter Length / Distance 

Min Minute Time 

Mol Mol Quantity 

Ω Ohm Electrical resistance 

Pa Pascal Pressure  
Rpm Rounds per minute Rotational speed   
S Second Time  
S Siemens Conductivity 

S/cm Siemens/centimeter Specific conductivity 

Sccm 
Standard Cubic 
Centimeter 

Gas flow 

V  Volt Electric potential 

Vol% Volume percent Volume fraction 

W Watt Power 

Wh Watt hour Energy 
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Table A 3: Abbreviations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unit  Name  

AC Alternating Current  

ADAC Allgemeiner Deutscher Automobilclub 

ALD  Atomic Layer Deposition 

ASSB All–Solid–State Battery 

CAM Cathode Active Material 

CC  Current Collector 

CPE Constant Phase Element  

DFT Density Functional Theory 

e– Negatively charged electron 

El Elektrolyte 

EMF  ElectroMotive Force 

HOMO Highest Occupied Molecular Orbital 

IBS Ion Beam Sputtering 

ICE Internal Combustion Engine 

Li+ Positively charged lithium ion  

LIB Lithium–Ion Battery 

LUMO Lowest Unoccupied Molecular Orbital 

MCI  Mixed Conducting Interphase 

MIEC Mixed Ionic and Electronic Conducting 

NEDC New European Driving Cycle 

OCV  Open Circuit Voltage 

Q Constant Phase Element 

RF Radio Frequency 

SE Solid Electrolyte 

SEI Solid Electrolyte Interface 

SEM Scanning Electron Microscope 

SHE Standard Hydrogen Electrode 

SOC State Of Charge 

SOD State Of Discharge 

Tof–SIMS Time–of–flight Secondary Ion Mass Spectrometry  

WLTC Worldwide Harmonized Light–Duty Vehicles Test Cycle 

XPS X–ray Photoelectron Spectroscopy 
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Table A 4: Chemicals. 

 

Material Name 

95 (0.8 Li2S · 0.2 P2S5) ∙ 5 LiI  LPSI 

DMC Dimethyl carbonate  
DME Dimethoxyethane 

DOL Dioxolane 

EC  Ethylene carbonate  

HF Hydrofluoric acid 

LAGP Lithium aluminum germanium phosphate 
LBLTO (Li6BaLa2Ta2O12 )                 Lithium barium lanthanum  
                                                          tantalum oxide 
LGPS  (Li10GeP2S12)                           Lithium germanium thiophosphate 

LLZO (Li7La3Zr2O12) Lithium lanthanum zirconium   oxide 

LiPF6 Lithium hexafluoro phosphate  

„LiPON“ Lithium phosphorous oxynitride 

“LiSON” Lithium sulfurous oxynitride 
„LiPSON“  Mixture of „LiPON“ and LiSON 

LiSiCON Lithium super ionic conductor 
LiSnPS (Li10Si0.3Sn0.7P2S12)                 Lithium silicon tin                                                             
                                                          thiophosphate   
LiTFSI Lithium bis (trifluoromethane–sulfonyl)imide 

LPS Lithium thiophosphate Li3PS4 

LLTO Lithium lanthanum titanate 

LSiPS (Li10SiP2S12 )                              Lithium silicon thiophosphate 

LTO Lithium titanate  

NASICON Sodium super ionic conductor 

NCA81.50.5 LiNi0.8Co0.15Al0.05O2 

NCA90.50.5 LiNi0.9Co0.05Al0.05O2 

NCM111 LiNi0.33Co0.33Mn0.33O2 

NCM622 LiNi0.6Co0.2Mn0.2O2 

NCM811 LiNi0.8Co0.1Mn0.1O2 

PC Propylene carbonate 

PEEK Polyether ether ketone  

PEO  Polyethylene oxide 

PLD Pulsed Laser Deposition 

PvdF Polyevinylidene fluoride 

PMMA Poly(methyl methacrylate)  

PVC  Polyvinyl chloride 
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Table A 5: Variables and constants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unit  Name                            Value 

a  Activity 

BE  Binding energy 
C  Capacitance  

CV, Cp Heat capacity  

d  Thickness 
 

E Electric field 
e0 Electric charge                                                             1.602∙10–19 C 

EAL (KE) 
Energy–dependent effective  
attenuation length  
of photoelectrons 

 

EMF Electromotoric force  

F                                 Faraday constant                               96,485 C/mol 

I Current  

I Current density/Flux 

I  Intensity 

j                               Particle flux  

𝐽ℎ𝜐 X–ray flux density  

KE Kinetic energy  

M Molar mass  

M Mass  
Ni Number of atoms i   

N Amount of substance 
 

P Power  

P Pressure 
 

Q Energy  

Q Constant phase element                     

R  Universal gas constant                                        8.31447 J/K mol—1 

ri  Growth rate of species i  

T  Absolute temperature  

tx Transference number                          0 < t < 1 

V Volume  

Vm Molar volume  

W Energy density 
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Table  A 6: Variables and constants. 

 

  

Unit  Name  

Xi 
Atomic concentration of species i           
0 < X < 1 

X 
Molar fraction                                         
0 < x < 1 

Z  Impedance 

Z' Real part of the impedance 

Z'' Imaginary part of the impedance 

z Charge number 

∆rG Free Gibbs reaction energy 

∆rH Reaction enthalpie 

∆rS Reaction entropy 

∇ Gradient 

𝜗 
Photoelectron emission angle with 
respect to the surface normal 

µ̃x 
Electrochemical potential of 
species x 

µx Chemical potential of species x 

Σ 
Elemental photoionization cross–
section 

Σ Conductivity 

𝜑 Galvani potential 

χ Surface potential 

Ψ Volta potential  
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What is a good lithium–ion battery? 
  

 

n 2017, Toyota announced its intention to launch an electric vehicle with an all–

solid–state battery [206]. They expected to begin a new era of electric mobility; a 

matter of utmost urgency with respect to globally rising energy costs. All–solid–state batteries 

are designed to increase driving ranges for electric vehicles at reduced space, weight, and cost. 

The sheer amount of batteries that is needed to electrify only a small fraction of the vehicles 

that are licensed every year shows that the battery type which will be used in future vehicles, 

will become the future standard, just as the current lithium–ion battery has been for a long 

time. In order to compete with the market, however, the new battery system must adduce 

evidence that it can meet, and eventually exceed, the standards set by current state–of–the 

art batteries.  

The fundamental question is: How good does an ASSB need to be to compete with the 

liquid–based systems that are currently available? 

To answer this question, one must consider the features of the cells currently used in electric 

vehicles: lithium–ion batteries. In order to succeed these batteries, ASSBs must prove 

superior in reliability, efficiency, cost and safety.  

In conjunction with electric mobility, often the deficient performance of conventional 

lithium–ion batteries is mentioned. The realization of ASSBs is regarded to be the premise 

for the successful establishment (or the failure) of electric mobility. 

Despite some criticism lithium–ion batteries have proven to be a generally reliable system. 

Thus, consumers will expect comparable or improved dependability in ASSBs.  

I 
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The first aim of this chapter is to look at currently available EVs and their included battery 

technologies. 

A conventional lithium–ion battery consists of an anode, a cathode and a liquid electrolyte 

that separates the two electrodes. Lithium cobalt oxide (LiCoO2), a material that can 

incorporate lithium ions into a layered metal–oxide framework, is often used as cathode 

material [1].  

 

Graphite, which also possesses a layered structure that can incorporate lithium, is usually 

used as anode material. The electrode reactions that take place are:  

 

  

Anode:        C6 + x Li ↔ LixC6                         (47) 

 

Cathode:                                         Li1CoO2 ↔ x Li + Li1–xCoO2                                                   (48) 

Figure A 1: Schematic of a conventional Li-ion battery. The anode material is lithium metal, 
the cathode material is LiCoO2. A lithium-ion conducting liquid electrolyte with carbonate 
solvents is used. The potential profiles in this battery are depicted as well. 
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Typically, x < 0.5 because if too much lithium is extracted from LiCoO2, the structure will 

collapse and the cathode material will no longer work. The lithium uptake of carbon can be 

higher and reach up to LiC6, delivering a capacity of 372 mAh/g [1]. The electrodes are 

separated by a liquid electrolyte consisting of an organic solvent that provides the mobility, 

e.g. ethylene carbonate (EC) or propylene carbonate (PC), and a lithium–containing 

conducting salt e.g. LiPF6 or LiClO4. To avoid mechanical contact between the electrodes, a 

separator sheet drenched in the electrolyte solution is included. These batteries typically 

deliver a voltage of 3.6 V. 

Besides the chemical requirements, there are a few other characteristics that will determine 

whether and when a new battery technology will be applied: 

 Power/energy 

 Weight 

 Volume 

 Life time 

 Charging time 

 Cost 

 Safety 

Only if the sum of all these properties surpasses those of conventional batteries will ASSBs 

win recognition and acceptance in the marketplace. 

The focus is to figure out what electric vehicles are capable of. The most prominent 

parameters to be taken into account are driving ranges and the amount of energy consumed 

while covering a set distance. From these values and typical battery specifications, estimations 

on the number of battery cells needed in a vehicle can be made, and the weight, volume, 

charging needs and cost can be calculated. These estimations are necessary as car 

manufacturers often do not publish details concerning the technologies used in their electric 

vehicles. For this reason, it needs to be pointed out, that all values given in this chapter – 

especially concerning the battery volume, weight, and cost – are only rough estimates.  

It is premature to make a finalized conclusion about electric mobility based on present 

observations of conventional batteries and ASSBs, as both systems still lack long–term data 

on battery performance. But to get a sense of the performance of conventional lithium–ion 
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batteries thus far, Figure A 2 presents a comparison of practical driving ranges for a few 

commercially available electric vehicles. The listed data is taken from the Allgemeine Deutsche 

Automobilclub (ADAC), and the specifications that are provided by the car manufacturers 

[207]. 

Figure A 2 and Table A 7 show the typical energies that electric vehicles of various 

manufacturers need to cover 100 km. Green represents the values provided by the ADAC, 

orange the values stated by the manufacturers. The ADAC tests were performed using the 

Worldwide Harmonized Light–Duty Vehicles Test Cycle (WLTC 5.3), which is considered to be 

one of the most realistic driving tests [208], the test procedure for the values given by the 

manufacturers was the New European Driving Cycle (NEDC). The test values typically range 

from 12 kWh to 25 kWh per 100 km. The energy per 100 km is a proper value to estimate 

the battery properties that are necessary to allow a car to cover a certain distance.  

 

 

 

 

 

 

 

  

The energy consumption depends on multiple factors, including the test region, driving style, 

car weight and various other applications (e.g. air condition, radio, heating, satnav). Due to 

inconsistencies between the values stated by the car manufacturers and the ADAC, the 

following estimations cover a more “pessimistic“ scenario and a higher energy consumption 

Figure A 2: Comparison of practical driving ranges of various electric vehicles. Green values  
                   are provided by car manufacturers, orange values were determined in [207]. 
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per 100 km is assumed. Nonetheless, these numbers provide a basis for the driving range that 

is solely dependent on the conduction of the vehicle. 

For example, take the calculations for a Tesla Model S 100D. According to the ADAC, the 

Tesla Modell S 100D has a battery capacity of 100 kWh, which results in a driving range of 

416 km. The “magical threshold” an electric vehicle’s driving or the distance a car should 

cover before needing to recharge the battery, is 500 km. This distance is regarded as the value 

that is necessary to convince consumers to buy electric vehicles and drive with the confidence 

that they will not “run out of gas”.  

 

 

 Energy/100 km 

(kWh) 

Battery capacity / 

kWh 

Driving range / km 

BMW i3 12.6 27.2 188 

Smart Fortwo 

Coupé EQ Prime 

12.9 17.6 112 

Hyundai Kona 

Elektro (64 kWh) 

Trend 

14.3 64 375 

Opel Ampera–e 

First Edition 

14.5 60 342 

Renault Zoe Intens 13.3 41 316 

Nissan Leaf II 

Acenta 

15.2 40 201 

Tesla Model X 

100D  

20.8 100 451 

Hyundai Ioniq 

Elektro Style 

11.5 28 211 

VW e–Golf 12.7 35.8 201 

Table A 7: Energy consumption (according to manufacturer), battery capacity, and driving  
                  range of various currently available electric vehicles [207]. 
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 The Tesla S 100D contains 8,256 Panasonic 18650 batteries [209], each of which contains 

12.1 Wh of power. With a nominal voltage of 3.6 V, the nominal capacity equals 3,365 mAh 

per cell. Compared to the values given in the data sheet of the respective battery type by 

Panasonic (NCR–18650B) the capacity of 3,350 mAh or 12 Wh, is similar to the Tesla 

calculations [210]. With a stated mass of 47.5 g and a volume of 17.55 cm³ per cell, the 

resulting gravimetric energy density is 252.6 Wh/kg and the volumetric energy density is 

683.7 Wh/L on cell level, respectively.   

With an energy consumption of 24 kWh/100 km the Tesla therefore needs 120 kWh to 

cover a driving range of 500 km. To generate that power, the car must contain 10,000 NCR–

18650B battery cells. 

To calculate the total weight and volume of a battery, several factors must be considered in 

addition to the cell weight. Battery cells need to be connected to cell modules, which require 

stable housing as well as a cooling and monitoring system. According to the manufacturer, 

the current Tesla S 100D includes 16 modules containing 516 battery cells each; totaling a 

weight of 392.16 kg [211]. Reliable information on the battery weight of the Tesla S 100D 

are scarce. If one assumes a similar ratio between the battery module weight and the cell 

weight as for the Tesla models with smaller driving range (the weight of a 90 kWh battery is 

given as 540 kg [212], the housing accounts for additional 49 % of weight. Based on these 

statistics, the total weight of a battery capable of a 500 km driving range is 708 kg; compared 

to the cell level weight of 475 kg. The cells alone would have a volume of roughly 175.5 L; 

and if it is assumed that the volume increases by the same ratio as the weight, the total volume 

can be estimated at 261.5 L. 

Weight and volume are important considerations when constructing a car, and electric 

vehicles have an advantage in this department. In comparison to a conventional car, an 

electric vehicle has room to spare due to its independence from components required in a 

car with an internal combustion engine. For example, in the Tesla S 100D, the battery 

volume is only slightly bigger than the additional luggage compartment found under the 

engine hood [213]. ASSBs will have an even lesser volume than their lithium–based 

counterparts as a thin solid–electrolyte replaces the separator sheets. The free space under 

the engine hood could be used to store a heavier, more voluminous battery, though that is 

not the only technical solution for the implementation of batteries in electric vehicles. As 
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the demand for production of electric vehicles increases, so will the competition to 

streamline packaging as well as design more novel battery shapes and arrangements. Ideas 

such as switching from cylindrical to prismatic cells and placing batteries in the frame of the 

car are already being discussed as options for future vehicles [214]–[216].  

Figure A 3 shows a comparison of four models of the different battery technologies (from 

left to right): all–solid–state battery, lithium–oxygen battery (Li–O2), lithium–ion battery 

(LIB), and lithium–sulfur battery (Li–S). These models were designed to show the difference 

of the volumes of the battery components in each system. All models have the volume (and 

mass) that is required to let an electric vehicle cover a distance of 10 km. ASSBs, Li–O2 and 

LIB depict the optimized case, Li–S depicts the current state of the art where a large part of 

the battery consists of the housing. As can be seen by switching from LIB to ASSB, the 

volume of the battery can be reduced by a factor of almost 3. A good deal of this reduction 

is attributed to the lower amount of housing that is needed to protect the battery. Also the 

volume of the anode side can be reduced by using lithium metal instead of carbon. Although 

the mass does not change due to the heavy electrolyte, the space that is required to store the 

battery is reduced drastically. As the space is a limiting factor in a car, applying ASSBs will 

have a beneficial impact on car manufacturing. The amount of cathode material can be 

improved if different cell chemistries are applied. However, the thickness of the separator / 

solid electrolyte might stay the same, because current LIB are already optimized to use a very 

thin separator [217], [218]. Another advantage of ASSBs is, that they can be used to realize a 

multitude of different cell geometries. Whereas conventional batteries are mostly fabricated 

as cylindrical cells, which cannot achieve a high packing density, even if the housing is driven 

to the lowest necessary amount, ASSBs can achieve higher volume fractions. Different 

concepts for 3D battery applications are discussed in literature and could help to change the 

way we think of batteries today [219], [220]. 

In the end, the battery volume is not crucial for the application in electric vehicles. For both, 

batteries based on liquid electrolytes as well as ASSBs, the battery weight will be the crucial 

aspect as any additional weight further increases the energy consumption. However, the 

battery volume can have a stronger negative influence on the efficiency of electric vehicles 

than the battery weight because additional weight can be used to recuperate energy during 

braking. The battery volume does not affect this process.  
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The lifetime of a battery is another crucial aspect in the decision to buy an electric vehicle. 

The battery, as the most expensive component of the car, should remain reliable for many 

years. The cycle life strongly depends on the depth of discharge (DOD) and depth of charge 

(DOC) of the battery. The less deeply a battery is discharged, the less it is damaged. Likewise 

charging a battery to only 80 % of its maximum capacity also reduces the amount of damage. 

If it is assumed that electric vehicles batteries have a comparable cycle life to those used in 

consumer electronics, one can expect a battery to serve for 1000 to 3000 cycles without any 

problems. Based on the Tesla battery capacity, the energy consumption per 100 km and 1000 

battery cycles produces a minimum driving distance of 416.000 km. By using a battery with 

a capacity of 200 kWh, the same distance can be reached when the battery is only discharged 

to 50 % state of charge (SOC). A less deep discharge will increase the cycling stability. Driving 

ranges of 1 – 1.5 million km will then be possible.  

If the newly developed batteries have as long a cycle life as the latest battery technologies from 

Samsung SDI [221], it can be assumed that these batteries are also capable of around 4600 

charge/discharge cycles. In the case of a 200 kWh battery as in the Tesla, this would result 

in a kilometric performance of almost 4.5 million kilometers. From these data, it can be 

Figure A 3:  Comparison of battery models for different battery types (From left to right:  
                     All–solid–state batteries, lithium–oxygen batteries, state–of–the–art lithium– 
                     ion batteries and lithium–sulfur batteries). Although all–solid–state batteries  
                     have a high cell weight, they require the least space. Each model (15 x 15 cm)  
                     depicts the volume that is needed for an average EV to drive 10 km.  
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assumed that the driving range of an electric vehicle does not pose any problems, even with 

current battery technologies, as they overcome by far the lifetime of most vehicles.  

In the end, the driving range of an electric vehicle will be determined by the size and weight 

of the battery. A large battery will guarantee a large driving range. But even small batteries 

can be interesting applications for compact cars as long as they can be discharged and first 

and foremost charged quickly. Then even long distances can be covered with a few short 

breaks (which will make driving much more comfortable for the driver). As a consumer will 

expect a battery lifetime comparable to that of a conventional vehicle, so will they expect 

equivalent “fueling” time. The aim of the electric vehicle industry is to create a battery with 

a charging time that mimics that of consumers filling their tank with gas. Ideally, an 80 % 

state of charge (SOC) will be achieved within an approximate 5–minute window. 

SOC over 80 % are not desirable because they would reduce the lifetime of the battery, since 

overcharging as well as a deep discharge damage the battery. Additionally, though a charging 

step with constant current is much faster than a charging step with a constant voltage, a 

constant current charge creates over–voltages which prevent the battery from reaching 100 % 

SOC. Charging a battery to 100 % SOC is only possible by using a constant current charging 

step followed by a subsequent step with a constant voltage, which is why 80 % SOC is the 

ideal target. 

The quantity that is suited best to describe the charging time is the so–called C–rate. A rate 

of 1 C means that the entire battery can be charged in 1 hour. A rate of 2 C means that the 

battery can be fully charged in 30 minutes. The rate does not describe an absolute current 

but the ratio between the current and the absolute capacity of a battery.  

Charging a battery to 80 % SOC in 5 minutes equals a C–rate of 9.6. For the Tesla S 100D, 

this equals to a charging power of 1 MW. At present, a charging rate of that velocity has yet 

to be achieved. The main problem is that the carbon anode in the batteries has a limit of 1 

– 5 C, depending on the modification (graphite, graphene, nanotubes), the temperature and 

the SOC [222], [223]. This problem can be circumvented by using lithium metal because 

then lithium plating does not cause a battery failure. In addition, the usage of solid 

electrolytes with a transference number of tLi+=1 may be helpful to increase the charging rate. 

But even then, in addition to the battery system, the charging infrastructure needs to provide 
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enough power for quick charging. The Tesla S 100D has a C–rate of 1.6, which shows that 

for now, electric vehicles need half an hour to be charged to 80 % SOC.  

The cost of a battery system varies from year to year. In 2018, Andrew Ulvestad tried to 

estimate the costs of different battery components in order to predict the future development 

of battery prices [224]. The prices given in his publications are the total prices for the 

production of batteries, including the raw materials, processed materials and processing 

costs. First, he examined the price evolution of batteries in the years from 2010 to 2016; then 

showed how the production costs changed over time. He concluded that the average 

production cost of batteries dropped from $ 1000/kWh in 2010 to under $ 300/kWh in 

2016, a factor of more than two–thirds. Although manufacturing costs decreased, they still 

exceed the $ 100/kW, a number that is commonly regarded as cost parity line. When 

batteries are cheaper than $ 100/kWh that would make electric vehicles less expensive than 

vehicles with internal combustion engine (ICE). 

In his publication, Ulvestad provided values for the weights of different components of a 

conventional battery stack with a capacity of 52 Ah in order to itemize the costs [224]. The 

cost of this stack sums up to $ 30.58. With a nominal voltage of 3.6 V the total cost comes 

to $ 136.35/ kWh. This value includes the raw material costs and the manufacturing costs. 

To estimate the future development of battery prices, it is necessary to look at various aspects 

that influence the costs.  

Judging the future development of battery prices is challenging because they are not really 

predictable. In the following, two different aspects are discussed: raw material prices and 

manufacturing.  

Table A 8 summarizes the prices per kilogram of the most commonly used metals in cathode 

materials for batteries. The final price of the cathode mixture depends on the amount of 

each metal that is used. Cobalt is the most expensive component in the cathode material, so 

in order to reduce production cost, manufacturers are trying to substitute it with nickel. By 

decreasing the Co–content by a factor of 6 and replacing Mn by Al, the cost of the raw 

material is reduced by nearly half. However, the increased demand for batteries can cause 

drastic changes of the commodity prices, making predictions difficult. 



 Appendix B                                                                        What is a good lithium–ion battery? 
 

 

 
195 

 

Table A 8: Raw material prices for battery materials. Prices taken from [219]. 

Material Raw mat./ 

$/kg 

Lithium 

$/kg 

Nickel 

$/kg 

Cobalt 

$/kg 

Mn/Al 

$/kg 

Price per kg  16.50 10.83 55.25 2.06 

NMC 1:1:1  14.30 1.19 2.20 10.49 0.42 

NCM 6:2:2 11.62 1.19 3.93 6.71 0.23 

NCM 8:1:1 9.89 1.19 5.23 3.35 0.12 

NCA 8:1.5:0.5 11.59 1.19 5.29 5.08 0.03 

NCA 9:0.5:0.5 8.87 1.19 5.96 1.69 0.03 

Aluminum 1.93     

Copper 6.18     

 

Figure A 4 compares the price trends of the materials shown in Table A 8 over the past 40 

years. The strong price fluctuations could have been caused by a variety of factors, including 

an increased demand for a commodity, climate change, catastrophes, oligopoly, economic 

crisis or political instability in the countries of raw–material suppliers. Yet even with all these 

variables, the rule of supply and demand still stands: an increase in demand for batteries will 

increase the price of battery materials. These price changes will continue to affect all battery 

production, as both ASSBs and batteries with liquid electrolytes use the same group of 

cathode materials. 

An entirely accurate assessment of the second factor, battery production costs, can be 

difficult, as reliable numbers are hard to come by when there is only scarce information 

published to estimate the production costs. Nonetheless, a rough estimate can be made using 

the information that is available, such as construction and energy demand of the factory, and 

employee costs. 
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Take the “Gigafactory” by Tesla, for example. Erected in Nevada, the construction costs of 

this factory are estimated to be around $ 5 billion. As the energy demands of the factory are 

fully covered by renewable energies, the only other major factor that needs to be considered 

is the salary of the employees. Tesla plans to employ around 6,500 people to build batteries 

with a capacity of 35 GWh per year. If it is assumed that the production will last for 10 years 

and each of the employees causes the average labor expense of $ 38/h (estimated from [226]) 

and average annual hours worked [227], each employee causes costs of $ 67,640 per annum 

and the annual production cost in the “Gigafactory” will be $ 940 million, resulting in 

production costs of $ 27/ kWh. As the company wants to generate profit, the number will 

be somewhat higher than the estimated value but less than 50 % of the final battery price 

and the prices given by Ulvestadt. Looking at data from Table A 8, it can be expected that 

upon replacing costly components, batteries will eventually reach the cost parity line. If Tesla 

reaches the goal of producing 50 GWh per year for more than 10 years, the production cost 

will further be reduced [228]. 

Table A 9 summarizes the specifications of conventional state–of–the–art batteries. In 

conclusion it can be said that besides the charging time, even conventional batteries can be 

sufficient to realize electric mobility. Especially the charging time will be one factor that ASSB 

cannot enhance as long as no advanced electrode and electrolyte materials are used. At this 

Figure A 4:  Evolution of various prices of materials needed for battery fabrication from  
                     1980 to 2018. Values taken from [219]. 
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juncture, most solid electrolytes have inferior an ionic conductivity than liquid electrolytes 

and charging might take longer. 

Table A 9: Specifications of a state–of–the art battery for Tesla Model S 100D (conservative  
                  estimations) with a theoretical driving range of 500 km. 

Volume / L 261.5 
Weight / kg 708 
Charging time (to 80 %) / h 0.5 
Cost per kWh / $ 136 
Life time / km >1.2 million  

 

Yet still consumers are not convinced to buy electric vehicles and currently electric mobility 

seems to be star–crossed. Although their characteristics are sufficient for electric vehicles, the 

discussion of batteries ignores one important factor: safety. Concerning batteries, safety is 

only discussed when negative events draw attention to it. Mobile phones that start to burn 

because their batteries experienced a thermal runaway are but one problem. Unfortunately, 

there are few studies on battery safety in cars, for conventional or electric. 

The study of car battery safety is lacking because it depends on perceived values rather than 

concrete ones, as well as because too few electric vehicles are sold to track trends and draw 

significant conclusions. This should not discount the importance of consumer safety. Buyers 

deserve to know, for example, how many vehicles catch fire and how dangerous the battery 

can be in case of a fire. A study could address the flammability of a battery’s liquid electrolyte, 

which is comparable to that of fuel. Even if only 1 out of 1 million battery cells experienced 

a thermal runaway and began to burn – taking into account that there will be around 8,300 

battery cells in a car – it could cause 1 out of 120 electric vehicles to burst into flames. It 

might be a negligible fraction of risk for the battery manufacturer; but for the car owner 

could mean life–changing loss.  

Consider the safety of lithium–based batteries in electric vehicles. Batteries based on lithium 

metal are employed because these batteries have a higher voltage compared to cells with 

carbon anode. Only by applying lithium metal can batteries achieve energy densities that will 

make electric vehicles competitive to vehicles with ICE. Amorphous carbon can reversibly 

take up to 0.6 lithium atoms per formula unit C6, resulting in a specific capacity of 
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200 mAh/g with respect to the active material. Lithium metal, however, has the highest 

gravimetric capacity (3860 mAh/g) and a volumetric capacity of 2100 mAh/cm³. These 

values correspond to the pure lithium metal, as no host structure is needed. As the space is 

limited in vehicles and the weight will influence the energy consumption, reducing both 

weight and volume of the battery is necessary and carbon electrodes will have to be replaced 

by lithium metal. Using pure lithium, however, increases the risk of flammability in a battery 

and consequently reduces the safety of a vehicle. 

Car manufacturers believe that the application of ASSBs in electric vehicles will bring about 

significant progress in terms of battery safety. This hypothesis is built on the knowledge that 

solid electrolytes have a higher electrochemical stability than liquid electrolytes and are 

largely based on oxide materials, which are not flammable and can bear higher temperatures. 

This will provide manufacturers with less liability, and consumers with a greater peace of 

mind. 



 Appendix C                                                                Nyquist plot of „LiPON“ thin–films 
 

199 
 

 

Appendix C 
 

 

Nyquist plot of the „LiPON“ thin–films 

 

0 4 8 12 16 20
0

4

8

12

16

 

 

 LiPO

 LiPON-low

 LiPON-high

-I
m

(Z
 )

 /
 k
W

Re(Z ) / kW

 

Figure A 5: Nyquist plot of the three examined „LiPON“ films. 
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XPS–Spectra of “LiPO(N)” samples 
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Figure A 6: Evolution of the O 1s signal during the lithiation experiment. 
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Figure A 7: Evolution of the O 1s signal during the lithiation experiment. The bridging  
                    oxygen vanishes rather quickly after the beginning of lithiation. Instead Li2O is   
                    formed. 
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Figure A 8: Evolution of the Li 1s signal during the lithiation experiment. 
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Figure A 9: C 1s signal of the pristine LiPO(N) samples. 
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Figure A 10: Change of the average volume fractions of the reaction products in the SEI as  
                      determined from the intensities of the XPS signals. 
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Estimation of the theoretical SEI thickness in „LiPON“ 

 

It is possible to estimate the SEI thickness in dependence of the thickness of the deposited 

lithium layer in the case of a kinetically unhindered growth.  

If the thickness of the deposited lithium is known, the thickness of the formed SEI can be 

calculated. The calculation is fairly simple using the molar volumes of lithium and the SEI 

components (Table A 10). However, a few assumptions have to be made for reasons of 

simplification: 

First, 100 % density of the interphase, the „LiPON“ film and the deposited lithium layer is 

assumed. In addition, it is assumed that the growth is only in z–direction whereas there is no 

expansion (or contraction) along the x– and y–direction.  

For the estimations also fully crystalline components and a formation of only Li3PO4 and the 

binary compounds are assumed.   

First an electrolyte area, which is covered by lithium and in which the electrolyte will 

decompose needs to be defined. All calculations presented below are normalized to an area 

of 1 cm².   

It is also assumed that there are no impurities in the lithium or the electrolyte. However, 

carbon impurities derived from the stoichiometry of the electrolyte films can easily be 

included. For reasons of simplification, they are excluded in this calculation. Two different 

possibilities for the SEI formation are considered:  

i) The interphase consists of the binary compounds Li3N, Li3P and Li2O (equation 

26). 
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ii) The interphase consists only of Li3PO4, Li3P (and Li3N) but Li3PO4 does not 

decompose into Li3P and Li2O (equations 25, 27, 28). 

The decomposition into Li3PO4 and Li3N should describe a lithium–insufficient reaction, 

where a complete decomposition does not occur. The decomposition into the binaries 

describes a reaction path where enough lithium is present.   

 

Table A 10: Molar volumes of the SEI components. 

 

 

 

For each reaction path the calculation will be given for Li1.34PO3.41 (“LiPO”) exemplarily. 

i) Formation of Li3N, Li3P and Li2O. 

If a Li layer thickness of 1 nm is assumed, the volume of deposited lithium is 1 · 10–7 cm³, 

which equals 7.693 · 10–9 mol.   

When 1 mol “LiPO” decomposes completely into the binary compounds, 1 mol Li3P and 

3.41 mol Li2O are formed. For this reaction, 9.82 mol of lithium are needed. The electrolyte 

already delivers 1.34 mol; therefore, 8.48 mol Li are still needed to complete the reaction.  

A one nanometer thick Li layer contains enough lithium to convert 9.073 · 10–10 mol 

Li1.34PO3.41 into the binary compounds.   

The reaction thus leads to the formation of 9.073 · 10–10 mol Li3P and 3.094 · 10–9 mol Li2O. 

Taking the molar volumes of these binary components, the entire SEI volume therefore must 

be 7.920 · 10–8 cm³, resulting in an SEI thickness of 0.792 nm.  

The same calculation for Li1.30PO1.62N1.29 („LiPON–high”) leads to an interphase thickness of 

0.814 nm. The higher molar volume of Li3N is compensated by the fact that 50 % more 

lithium are needed to form Li3N instead of Li2O. The influence of the electrolyte 

composition on the thickness of the interphase is smaller than the measuring error.  

 

 

Molar volume / cm³ mol–1 

Li3PO4 Li3P Li3N Li2O Li 

45.591 36.599 25.239 14.866 12.998 
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ii) Formation of Li3PO4. 

A reaction according to equation 25 is assumed and also a 1 nm thick Li layer. Taking the 

molar volume of Li3PO4 and Li3P, the resulting interphase will be 0.413 nm thick. Compared 

to the complete conversion into the binary compounds the SEI thickness is much smaller.  

The same reaction for Li1.30PO1.62N1.29 leads to a 0.641 nm thick SEI.  

When Li3PO4 does not decompose, the resulting SEI is smaller than in i) but the influence 

of the electrolyte composition on the SEI thickness is stronger. The reason is that in the case 

of i) for each Li3PO4 molecule one molecule Li3P and 4 molecules Li2O are formed which 

require more space. When O is replaced by N, less Li3PO4 is formed but Li3N and Li3N has 

a higher molar volume.
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Effective attenuation lengths for “LiPO(N)” and the SEI 
components  

 

 

 

 

 

 

 

 

 

 

Table A 11: Effective attenuation lengths for P 2p (KE = 1354 eV) in “LiPO(N)” and the  
                     different SEI components. Values are determined for Al–Kα–radiation (middle)  
                     and corrected by the photoelectron emission angle with respect to the surface  
                     normal (right). 

  EAL (practical 0–4 nm, P 2p, Al) ∙ cos 45 
LiPO3 3.02 2.14 
LiPON–low 2.95 2.09 
LiPON–high 2.93 2.07 
Li3PO4 3.41 2.41 
Li3N 3.23 2.28 
Li3P 3.24 2.29 
Li2O 3.25 2.29 
Lithium 5.07 3.59 
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X–ray photoelectron spectroscopy of P3N5 powder  
 

The P 2p signal showed one single signal at a binding energy of 132 eV – 136 eV 

(Figure A 11). This signal was slightly asymmetric toward higher binding energies and two 

contributions were used to fit the data (each consisting of two Gaussian peaks due to the 

peak splitting into P 2p1
2⁄   and P 2p3

2⁄ ). The first contribution (brown and yellow) at 133 eV 

and 134 eV is attributed to the one phosphorous species present in P3N5. The second 

contribution (black and grey) at higher binding energies suggests that phosphorous was 

slightly oxidized. As the powder also contained certain fractions of oxygen, it is assumed that 

this contribution is due to P–O bonds at the surface of the powder particles. To account for 

small discrepancies of the measured signals from the ideal Gaussian/Lorenzian shape of the 

photoemission lines, it was however necessary to add a very small second component at lower 

binding energies as was also done for the P 2p signal of „LiPON“.  

 
Figure A 11: P 2p and N 1s detail spectra of pristine P3N5 powder. 
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The P3N5 structure contains two different nitrogen species: Nitrogen that is coordinated by 

two phosphorous atoms (Nd) and nitrogen that is coordinated by three phosphorous atoms 

(Nt). In the perfect P3N5 structure, as is the case in the examined powder, the ratio of these 

species is Nd:Nt = 3:2. 

For nitrogen, four different chemical species could be identified in the spectrum, two large 

contributions at 399.5 eV and 397.5 eV and two minor contributions at 396 eV and 

401.5 eV. It is assumed that the two major contributions are due to the two different nitrogen 

species in P3N5. The larger one (medium dark green) is due to Nd and the medium green 

contribution is due to nitrogen Nt. The ratio of the integrated intensity of these two major 

contributions is 60:40 which is in accordance with the theoretical assumptions. The minor 

contribution at 401.5 eV is attributed to NOx. As there is a certain amount of oxygen in the 

powder, the existence of P–O as well as N–O can be expected. This oxygen incorporation 

can originate from the synthesis of the powder. The amount of oxygen determined by XPS 

is around 10 at%. The manufacturer Alfa Chemistry states that less than 0.1 % water can be 

found in the product and it can be assumed that the oxygen stems from a reaction between 

water and the powder. The oxygen that was detected appears to be significant but as XPS is 

a very surface–sensitive technique and only detects the topmost few nanometer of the 

material, even slight impurities on the powder surface can cause high signal intensities. The 

average oxygen content may be much lower. As the X–ray diffractogram does not indicate 

the presence of large quantities of impurities (Appendix H), it can be assumed that the 

oxygen is indeed only at the surface. The surface of the powder has been exposed to 

environmental atmosphere and it cannot be excluded that the surface is slightly oxidized. 

A fourth contribution to the nitrogen signal can be found at 396 eV. It is only a small 

contribution causing a broadening of the base of the Nt signal toward lower binding energies. 

This signal is close to the position of Li3N (as will be discussed later) and could be attributed 

to nitrogen at the surface of the powder particles. Nitrogen at the surface of an P3N5 particle 

should have unsaturated bonds as corresponding P binding partners are missing.  
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In situ XPS 

Only if the material reacts with lithium metal and forms Li3N and Li3P, P3N5 can be employed 

as sacrificial interlayer. At first the stability of this material had to be examined. As in the 

case of „LiPON“, the in situ XPS experiment was used to validate the behavior. The powder 

was examined first to get an internal reference for the behavior of the thin–films and then 

the same examinations were carried out on the thin–films. Lithium has been sputtered on 

top of the powder for 9000 s. Each single sputtering step had a duration of 300 s. The 

elemental spectra of P 2p and N 1s before sputtering and after 3000 s, 6000 s, and 9000 s 

are shown in Figure A 12. The phosphorous signal show big changes over time. Upon Li 

deposition, phosphorous is reduced. The P—O signal at 135 eV (black and grey) vanishes 

immediately so it can be assumed that this species does only originate from a thin surface 

layer that is reduced in contact with lithium immediately. The evolution of two new signals 

can be observed, one signal at 130 eV – 132 eV and a second one at 127 eV. With respect to 

the previous examinations on „LiPON“ (cf. setion 4.1) these signals can be attributed to the 

stepwise formation of Li3P. The intensity of both signals increases during Li sputtering. 

According to the „LiPON“ examinations, where Li3PO4 reacts with lithium and forms a 

lithium polyphosphide LixPy followed by the reaction to Li3P, a similar phosphorous 

reduction can be expected in the case of P3N5. As the amount of lithium during each 

sputtering step is limited, a formation of a lithium polyphosphide layer with a lower lithium 

content than Li3P is plausible. However, a binding energy of 131.5 eV is higher than typical 

values of phosphorous with a negative oxidation number and a complete reduction of 

phosphorous from +5 to 0 and further during the deposition of a small amount of lithium 

is unlikely. In addition, the width of the signal is around 6 eV. It can therefore be expected 

that this signal consists of the overlapping contributions of various partially lithiated 

phosphorous species. These signals are hard to deconvolute. It is possible that upon lithiation 

P3N5 forms lithium phosphorous nitride. There are various species with different lithium 

content e.g. LiPN2 [191], Li7PN4 [191], Li18P6N16 [175], Li12P3N9 [156] and Li10P4N10 [221]. 

With such a variety of the stoichiometry, it is likely that one of these species is formed during 

in situ lithiation, especially as no change of the oxidation state of P (+V) occurs during 

lithiation and therefore shifts of the P 2p signal should only be minor. XPS examinations on 

these components have not been carried out yet, so a precise assignment is not possible. For 
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that reason, this contribution is denoted as LixPyNz.  

The nitrogen signal also changes during lithium deposition. The NOx signal vanishes like the 

P—O signal, another indication that the impurities exists only at the topmost surface layer. 

The intensity of the Ndouble signal increases over time, but the Ntriple signal does not show a 

significant change. However, a new nitrogen species at a lower binding energy of 395 eV is 

formed. Again, this behavior can be compared to the behavior of „LiPON“. When P3N5 

reacts with lithium, lithium nitride is formed. The change of the intensities of the two N 

species in P3N5 suggests that the P—N—P nitrogen species is less stable than Ntriple. It is possible 

that the presence of lithium causes the breaking of a P—N—P bond. The broken bond is 

“unsaturated” and probably more reactive than the Ntriple bond and therefore lithium 

preferentially reacts with the “unsaturated” nitrogen. It may also be possible that another 

stepwise reaction of N takes place but the signal intensities of LixN species is overlapping with 

the Ntriple signal and cannot be deconvoluted.  

In the case of a powder where the sample surface is large, a large amount of lithium is needed 

for the reaction. Even after 9000 s of lithium deposition, the decomposition reaction is not 

finished yet. Li3P and Li3N could be observed but also partially lithiated polyphosphides 

LixPyNz and the P and N species of the thin–films are still visible. However, although the 

reaction is not completed, the presence of Li3N and Li3P suggests that the formed interphase 

– if there is enough lithium to react – will only consist of the binary species Li3N and Li3P 

and therefore exhibit a high ionic conductivity and a beneficial influence on the battery 

performance. 

The oxygen signal contains two components at binding energies of 531.5 eV and 533 eV 

(Figure A 13). As pure phosphorous nitride should be free from oxygen, it is assumed that 

the oxygen stems from partial substitution of the two nitrogen species of P3N5 due to 

humidity during the synthesis and handling of the material. For the discussion the species at 

533 eV is labelled Ohigh and the species at 531.5 eV is labelled Olow. In contact with lithium 

metal the intensity of the Ohigh signal decreases drastically. As the same observation is made 

for the N 1s signal, the assumption that this signal stems from doubly coordinated oxygen 

(P—O—P bonds) is plausible and it can therefore be assumed that Olow is caused by triply 

coordinated oxygen. 
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The P–O–P bond seems to be more likely to break in contact with lithium metal but the XPS 

signals are difficult to judge as the partial reduction of Ohigh may lead to a signal that overlaps 

with Olow. The formation of a third signal at a binding energy of 528.2 eV can be seen. This 

signal is attributed to lithium oxide. Due to the different chemical environment, the binding 

energy of this signal is around 0.5 eV lower than in „LiPON“. As in the case of „LiPON“ also 

LiOH may be formed that cannot be distinguished from Li2O due to the blindness of the 

detection method for hydrogen. The absolute intensities decrease by around 12 % over the 

Figure A 12: Evolution of the P 2p and N 1s signal of P3N5 powder during in situ lithiation.  
                     Phosphorous is reduced and the formation of Li3P via lithium polyphosphides  
                     LixPyNz can be observed. In addition, Li3N is formed. 
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duration of the in situ experiment but a significant diminishing as caused by the growth of a 

dense overlayer cannot be seen.  

 

 

 

 

 

 

 

 

 

 

Figure A 13: Evolution of the O 1s and Li 1s signal during in situ lithiation of P3N5 powder.  
                     The Ohigh signal is decreasing whereas Li2O is formed.  The Li 1s signal does not              
                     indicate the evolution of lithium metal suggesting that the reaction is still  
                     proceeding after 9,000 s. 

As long as the reaction does not cease and lithium continues to react with phosphorous 

nitride, the formation of lithium metal is not observed (Figure A 13). Even after 9000 s of 

lithium deposition, the reaction still proceeds as no indication for the presence of Li metal 

in the signal can be made. There is neither a sharp increase of the Li signal at low binding 

energies nor the formation of plasmons at higher binding energies. As discussed in chapter 

4.1, the formation of lithium metal goes along with trapping of water from the chamber 

atmosphere and the increase of the oxygen signal. The O/P ratio in dependence of the 

lithium deposition time is shown in Figure A 14. Even the pure powder has an O/P ratio of 

0.7. In contrast to „LiPON“ (Figure 31) where the O/P ratio shows a strong increase, the 

O/P ratio of the phophorous nitride powder increases slowly but linearly. The linear increase 

In
 s

it
u

 li
th

ia
ti

o
n

 



 Appendix G                                                                                             XPS of P3N5 powder 
 

 

 
215 

 

suggests that although oxygen is trapped, the phosphorous nitride signal is not dampened 

exponentially by an overlayer.  

The reason for the low damping of the signal is that the XPS signal is an average over a certain 

surface area as well as the lithium deposition rate is an average value over a certain area. A 

rough inhomogeneous powder surface needs more lithium to react than a smooth thin–film 

surface. In addition, the rough surface leads to local differences of the lithium deposition 

rate and the conversion reaction. Parts of the powder surface that are directed toward the 

lithium surface will react faster than parts that are not directed toward the lithium surface. 

These parts may soon develop a passivating overlayer which then leads to the formation of 

lithium metal and Li2O, whereas other parts still react with lithium and form Li3N and Li3P. 

In that case, the O/P ratio does only show minor changes.  

 

 

 

 

 

 

 

 

 

 

Figure A 14: Evolution of the O/P ratio of P3N5 powder. The change of the ratio is  
                      slow, suggesting that the interphase formation of P3N5 powder is not  
                      finished after 10,000 s and hardly any reaction with water takes place. 

 

In conclusion it can be said that phosphorous nitride reacts with lithium metal under 

forming  Li3N and Li3P. Due to the large amount of powder and the surface area the reaction 

did not cease during the time–frame of the experiment. However, it can be expected that the 

examination of the thin–films with a smaller surface area shows a passivation of the surface 

(cf. chapter 4.2).
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X–ray powder diffractogram of phosphorous nitride powder 

 

 

Figure A 15: X–ray diffractogram of the P3N5 powder. Reflections that are not due to P3N5  
                      are marked with *. 
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Impedance spectra of assembled all–solid–state batteries 

 

The Nyquist plot of the batteries directly after cell assembly shows that there is only one 

semicircle, which can be attributed to the electrolyte, whose resistance is almost the same for 

the battery with and without interlayer. Both cells also show a second, very small semicircle 

in the mid–frequency range. This contribution is bigger in the battery with interlayer. It can 

be assumed that this contribution is due to the applied interlayer. In the battery without 

interlayer, the SEI formation has started but is not finished yet and the contribution is small. 

In the battery with interlayer, the conversion of the interlayer is not finished yet and the 

highly resistive P3N5 layer still exists. The linear contribution at low frequencies is due to the 

lithium|electrolyte interface that has not formed an intimate contact yet.  

 

 

 

 

 

 

 

 

 

 

 

 Figure A 16: Nyquist plots of ASSBs with (blue) and without (black) interlayer directly after 
cell assembly.  
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Copper nitride as sacrificial interlayer  

 

All films were deposited by radio–frequency magnetron sputtering. All depositions were 

done at room temperature under variation of the gas composition and the sputtering power. 

The deposition parameters are summarized in Table A 12.  

 

Table A 12: Deposition parameters for Cu3N. 

 

 

 

 

 

 

Sample 1 2 3 4 

Substrate  FG FG FG FG 

Base pressure / mbar 1.20∙10—6 1.20∙10—6 1.20∙10—6 1.20∙10—6 

Working pressure /mbar 3.00∙10—2 3.00∙10—2 4.20∙10—2 4.20∙10—2 

Gas Ar / N2 Ar / N2 N2 N2 

Gas flow / sccm 70 / 30 70 / 30 200 200 

Power / W  100 30 100 30 

RF–Bias / V  240 130 112 111 

Sputtering time / min 10 10 10 10 



Appendix J                                                                Copper nitride as sacrificial interlayer  

 
219 

 

 

 

The film quality was examined via SEM. As can be seen in Figure A 17, the film consists of 

needle–shaped particles with a size of around 200 nm. This film was deposited for 10 min 

with the parameters of sample 1 in Table A 12. As can be seen, with a sputtering power of 

100 W even 10 min of deposition result in a dense film. For the application as interlayer a 

smaller sputtering power of 30 W may result in a homogeneous film thickness and smaller 

particles. 

 

 

 

 

 

 

 

 

 

From XPS measurements the nitrogen content of the films could be determined. It is in good 

agreement with the theoretical value of 25 % for all different deposition parameters. Also 

the reaction between Cu3N and Li was examined via XPS. Figure A 18 shows the XPS spectra 

of the elemental signals of Li, N, O and Cu, and the copper LMM Auger signal during the 

in situ experiment and a comparison of the copper signals to copper foil. The N 1s signal of 

Cu3N shows one peak at 398 eV belonging to the one nitrogen species in Cu3N. In contact 

with lithium metal this signal immediately shifts to a lower binding energy of 396 eV, 

corresponding to the formation of Li3N. Simultaneously, the Cu 2p3/2 signal also shifts from 

933.5 eV to 931eV, suggesting the reduction of Cu3N to metallic copper.  

Figure A 17:  SEM image of a Cu3N film deposited by sputtering deposition.  
                   

500 nm 
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The same behavior can be observed for the Cu LMM Auger line. A comparison of the initial 

and final Cu LMM line with copper foil shows that the final copper signal is similar to the 

one of the copper foil. Therefore, it can be deduced that copper is completely reduced. 

During the experiment the evolution of the lithium signal is observed, too. It has to increase 

because lithium is deposited on top of the substrate. However, although the intensity 

increases, neither the evolution of Li0 nor the existence of plasmons in the Li 1s signal is 

observed, therefore it is assumed that the reduction reaction is not fully completed and 

lithium is still oxidized. The oxidation of lithium can be attributed to the reaction with water 

again. There are always small impurities of oxygen in the Cu3N films because the formation 

of CuO instead of Cu3N from water in the sputtering chamber during the deposition which 

creates much stronger bonds. At the beginning the oxygen signal consists of only one 

contribution attributed to CuO. During lithiation, a second contribution – Li2O – arises. As 

the intensity of the oxygen signal of CuO does not seem to change over time, it is assumed 

that this component is not responsible for the formation of Li2O. Instead, in accordance 

with chapters 4.1 and 4.2 the lithium oxide formation originates from residual water in the 

XPS chamber 



Appendix J                                                                Copper nitride as sacrificial interlayer  

 
221 

 

 

After clarifying the conversion reaction, the next step is to examine the protective effect of 

Cu3N on the lithium|electrolyte interface. For this an LPS pellet (150 mg) was made and 

Cu3N was deposited on both sides before pressing a piece of lithium foil (Rockwood Lithium 

GmbH, diameter = 6 mm) on either side of the pellet. The foil was contacted with nickel 

current collector tabs and sealed in a pouch bag. Then time dependent impedance 

measurements for more than 400 h (2000 measurements) at room temperature were 

performed. A reference pellet from the same electrolyte powder using the same lithium foil 

but without Cu3N layer in between was prepared, too.  

Figure A 18: In situ XPS measurements of Cu3N. Upper left: Lithium signal. Center: nitrogen  
                     signal. Upper right: oxygen signal.  Lower left: Cu 2p3/2 signal. Center: Cu LMM  
                     signal. Lower right: Comparison or as deposited and lithiated Cu3N with  
                    copper foil. 
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The Nyquist plot of the first and last measurement of the samples with and without Cu3N 

layer can be seen in Figure A 19. Two semicircles are visible, one in the high to mid–

frequency range and a smaller one at low frequencies.  

The resistance of the unmodified sample increases from 150 kΩ to 500 kΩ, whereas the 

resistance of the sample with Cu3N layer only increases from 50 kΩ to roughly 180 kΩ. 

Although the absolute values of the protected and unprotected sample differ largely, the 

relative changes are in both cases between a factor of 3.3 and 3.6. Copper nitride does not 

prevent the electrolyte from reacting with lithium and does not even seem to slow down the 

decomposition reaction. As expected, the MIEC interphase does not have a protective effect. 

However, it seems to create a more intimate contact between the electrolyte and lithium and 

therefore reduce the interfacial resistance. Although Cu3N is not suitable as a sacrificial 

interlayer to stop the electrolyte degradation, it may be a helpful addition to systems with 

high interfacial resistances and have a similar effect than the Ge layer applied by Liu et al. 

that was discussed in chapter 2.3.  

Figure A 19:  Time–dependent Nyquist plot of an LPS pellet with and without Cu3N    
                          protective layer in contact with lithium. Cu3N decreases the cell resistance  
                          but does not prevent degradation. 
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