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Abstract 

The current thesis focuses on the study of heterogeneous oxysulfides (100-x)Li3PS4-xLi3PO4 (10 

≤ x ≤ 40) and multilayer thin-film LiON-Al2O3 solid electrolytes (SEs) for Li-ion batteries (LIBs). 

Particularly, heterostructured bulk-type oxysulfides and multilayer thin-film LiON-Al2O3 SEs 

were synthesized by a two-step mechanical milling and atomic layer deposition (ALD), 

respectively. Their physicochemical and electrochemical properties were studied by various 

techniques and the work on SEs is organized in two sections as described below: 

(I) Heterogeneous oxysulfides (100-x)Li3PS4-xLi3PO4 (10 ≤ x ≤ 40) SEs. A series of (100-x)Li3PS4-

xLi3PO4 with glass-ceramic structure were successfully prepared by the introduction of Li3PO4 

into  Li3PS4. Meanwhile, oxysulfide units [PS3O]3-, [PS2O2]3-, and [PSO3]3- were found in the 

mixtures by 31P MAS NMR (magic-angle spinning nuclear magnetic resonance spectroscopy). 

According to impedance spectroscopy, oxysulfides (100-x)Li3PS4-xLi3PO4 with x = 20 and 15 

exhibit higher ionic conductivity (1.6 x 10-4 S/cm) than the pure Li3PS4 (1.2 x 10-4 S/cm) at room 

temperature (RT). This phenomenon is attributed to the opposite influences of the space 

charge effect vs. the blocking effect. After stabilization by Li plating and stripping, direct-

current (DC) conductivities of Li/80Li3PS4-20Li3PO4/Li and Li/85Li3PS4-15Li3PO4/Li increase to 

2.4 x 10-3 S/cm and 9.5 x 10-4 S/cm at RT, respectively. The introduction of Li3PO4 into Li3PS4 

results in superior interface stability between Li and our oxysulfides uncovered by time-

resolved impedance spectroscopy and Li plating and striping. Strong side reactions were 

observed for Li3PS4 through a cyclic voltammetry (CV) test of a symmetric Li/Li3PS4/Li cell. 

Moreover, a LiCoO2 cathode has been studied as a proof of concept together with the 

heterogeneous oxysulfides SEs with x = 20 and x = 15, exhibiting improved capacity and cyclic 

stability compared with pure Li3PS4. The excellent SEs/Li interface stability of these two 

oxysulfides was again proved in the full cell by their stable resistance after over 60 charge-

discharge cycles. Despite its improvements, the LiCoO2 positive electrode still suffers from 

capacity loss during the first several cycles due to the huge resistance of the interface between 

SE and LiCoO2.  

(II) Multilayer thin-film LiON-Al2O3 SEs. A series of flat and pinhole-free multilayer thin-film 

LiON-Al2O3 electrolytes were successfully prepared. The amorphous structure of LiON-Al2O3 
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deposited at 200 °C was proved by grazing incidence X-ray diffraction (GIXRD) and magic-angle 

spinning nuclear magnetic resonance spectroscopy (MAS NMR). The layer-by-layer structure 

and composition of thin-film LiON-Al2O3 were confirmed using cross-sectional HRTEM (high-

resolution transmission electron microspectroscopy) and XPS (X-ray photoelectron 

spectroscopy) sputter depth profiling, where the LiON layers mainly consist of LiOH, Li2CO3, Li-

N, and Li2O and are separated by Al2O3 layers. These multilayered heterostructures exhibit an 

improved ionic conductivity due to the introduction of nitrogen and Al2O3, compared with 

pure 600LiON film, since Al2O3 introduces heterointerfaces with accelerated conduction along 

these interfaces. Remarkably, the overall concentration of Li+ ions is lower in these 

heterostructures compared to the pure LiON film, but the overall conductivity is enhanced 

with the increase of the activation energy. The space charge effect at the heterointerface is 

deemed to be the mechanism behind this enhancement, and the origin of increased activation 

energy could be local structural distortions. The combination of 3.2 nm of LiON sublayer and 

1 nm Al2O3 sublayer shows the highest conductivity (6.2 x 10-4 S/cm at 160 °C) and the lowest 

activation energy (0.57±0.02 eV) among all the multilayer heterostructures. This work 

provides a new approach to design heterostructured multilayer thin-film SEs with highly 

conducting interfaces via ALD for ionic devices. 
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Zusammenfassung 

Diese Arbeit konzentriert sich auf die Untersuchung von heterogenen Oxysulfiden (100-x) 

Li3PS4-xLi3PO4 (10 ≤ x ≤ 40) und mehrschichtigen Dünnschicht-LiON-Al2O3-

Festkörperelektrolyten (SEs) für Lithium-Ionen-Batterien (LIBs). Insbesondere wurden 

heterostrukturierte Oxysulfide vom Bulk-Typ und mehrschichtige Dünnschicht LiON-Al2O3 SEs 

durch zweistufiges mechanisches Mahlen bzw. Atomlagenabscheidung (ALD) synthetisiert. 

Ihre physikochemischen und elektrochemischen Eigenschaften wurden mit verschiedenen 

Techniken untersucht und die Arbeit an SEs ist in zwei Abschnitte unterteilt, wie nachstehend 

beschrieben:  

(I) Heterogene Oxysulfide (100-x)Li3PS4-xLi3PO4 (10 ≤ x ≤ 40) SEs. Eine Reihe von (100-x)Li3PS4-

xLi3PO4 mit glaskeramischen Eigenschaften wurde erfolgreich durch Beimischung von Li3PO4 

in Li3PS4 hergestellt. Dabei wurden die Oxysulfideinheiten [PS3O]3-, [PS2O2]3- und [PSO3]3- in 

den Gemischen durch 31P MAS NMR (Magic-Angle-Spinning Kernspinresonanz) nachgewiesen. 

In der Impedanzspektroskopie zeigen Oxysulfide (100-x)Li3PS4-xLi3PO4 mit x = 20 und 15 eine 

höhere Wechselstrom-Ionenleitfähigkeit (1,6 x 10-4 S/cm) als reines Li3PS4 (1,6 x 10-4 S/cm) bei 

Zimmertemperatur (RT). Dieses Phänomen wird auf die gegensätzlichen Einflüsse des 

Raumladungseffekts gegenüber dem Blockierungseffekt zurückgeführt. Nach der 

Stabilisierung durch Li-Plating und -Stripping steigen die Gleichstrom-Ionenleitfähigkeiten von 

Li/80Li3PS4-20Li3PO4/Li und Li/85Li3PS4-15Li3PO4/Li bei RT auf 2,4 × 10-3 S/cm bzw. 9,5 × 10-4 

S/cm. Die Einführung von Li3PO4 in Li3PS4 führt zu einer verbesserten Grenzflächenstabilität 

zwischen Li und den Oxysulfiden, was mittels zeitaufgelöster Impedanzspektroskopie und Li-

Plating und -Stripping festgestellt wurde. Für Li3PS4 wurden dagegen durch Cyclovoltammetrie 

an symmetrischen Zellen Li/Li3PS4/Li starke Nebenreaktionen beobachtet. Darüber hinaus 

wurde eine LiCoO2-Kathode in einer Machbarkeitsstudie zusammen mit den heterogenen 

Oxysulfid-SEs für x = 20 und x = 15 untersucht, die im Vergleich zu reinem Li3PS4 eine 

verbesserte Kapazität und Zyklen-Stabilität aufweisen. Die ausgezeichnete Stabilität der 

SEs/Li-Grenzfläche dieser beiden Oxysulfide wurde in der Vollzelle ebenfalls durch ihren 

stabilen Widerstand nach über 60 Lade-Entlade-Zyklen bewiesen. Trotz ihrer Verbesserungen 
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leidet die positive LiCoO2-Elektrode in den ersten Zyklen aufgrund des enormen Widerstands 

der Grenzfläche zwischen SE und LiCoO2 immer noch unter Kapazitätsverlust. 

(II) Mehrschichtige Dünnschicht-LiON-Al2O3 SEs. Eine Reihe von flachen und defektfreien 

mehrschichtigen Dünnschicht-LiON-Al2O3 wurde erfolgreich hergestellt. Die amorphe Struktur 

von bei 200 °C abgeschiedenem LiON-Al2O3 wurde durch Röntgenbeugung unter streifendem 

Anfall (GIXRD) und Magic-Angle-Spinning Kernspinresonanzspektroskopie (MAS-NMR) 

nachgewiesen. Die schichtweise Struktur und Zusammensetzung von dünnschichtigem LiON-

Al2O3 wurde unter Verwendung von Querschnitt-HRTEM und XPS Tiefenprofilen bestätigt, 

wobei die LiON-Lagen hauptsächlich aus LiOH, Li2CO3, Li-N und Li2O bestehen und durch Al2O3-

Lagen getrennt sind. LiON-Al2O3-Dünnschichten zeigen aufgrund der Einführung von Stickstoff 

und Al2O3 eine verbesserte Ionenleitfähigkeit im Vergleich zur reinen 600LiON-Dünnschicht, 

da Al2O3 Hetero-Grenzflächen eingebracht werden, wobei die Ionenleitung entlang dieser 

Grenzflächen beschleunigt ist. Bemerkenswerterweise ist die Gesamtkonzentration an Li+-

Ionen in diesen Heterostrukturen im Vergleich zum reinen LiON-Dünnschicht geringer, aber 

die Gesamtionenleitfähigkeit wird trotz zunehmender Aktivierungsenergie erhöht. 

Raumladungseffekte an der Hetero-Grenzfläche werden als der Mechanismus für diese 

Verbesserung angesehen, wobei lokale strukturelle Unordnung, induziert durch die 

isolierenden Al2O3-Zwischenschichten die Ursache der erhöhten Aktivierungsenergien sein 

können. Die Kombination von einer 3,2 nm dicken LiON-Zwischenschicht und einer 1 nm 

dicken Al2O3-Zwischenschicht zeigt die höchste Ionenleitfähigkeit (6,2 x 10-4 S/cm at 160 °C) 

und die niedrigste Aktivierungsenergie (0,57±0.02 eV) unter allen eingesetzen 

mehrschichtigen Heterostrukturen. Diese Arbeit bietet einen neuen Ansatz für das Design 

heterostrukturierter mehrschichtiger Dünnschicht-Festkörperelektrolyte mit 

hochionenleitenden Grenzflächen über ALD für ionische Bauteile. 
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1 Motivation 

The ever-rising global population and energy consumption per capita significantly increase the 

demands for energy resources (1). Currently, limited fossil fuels are still our main energy 

resources, which results in climate change and environmental pollution (2). The development 

of alternative clean and sustainable energy resources such as solar, biomass, geothermal, 

water, and wind power is promoted to solve these problems. But these resources are not that 

reliable due to their nature of immovability and discontinuity. Rechargeable batteries, which 

can be charged with renewable energy and discharged to provide clean electric energy, are 

essential energy storage systems to make the best use of renewable energy resources (3). 

Compared to other rechargeable batteries, such as lead-acid, nickel-cadmium, or nickel-metal 

hybrid batteries, lithium-ion batteries (LIBs) are the most promising candidate owing to their 

high power density, high energy density, and long cycle life (4, 5).  

30 years ago (1991), LIB consisting of a graphite negative electrode, organic electrolyte, and a 

LiCoO2 positive electrode was first commercialized by Sony Corporation. Since then, LIBs 

dominate the market of portable electronic devices including cell phones, tablets, laptops, etc., 

and gradually penetrate other technologies like electric vehicles and stationary energy storage 

systems (6–10). However, today's lithium-ion technology does not yet meet the entire 

requirements for a perfect energy storage system. The liquid electrolytes (LEs)  used in LIBs, 

which normally consist of Li salts dissolved in organic solvents, cause serious safety problems 

regarding flammability and possible leakages (11, 12). Furthermore, repeated cycling of LIBs 

with LEs leads to the formation and growth of dendrites, especially when Li metal is applied 

as a negative electrode. Dendrites can short-circuit the cell and consequently result in a 

thermal runaway of the cell (13). All-solid-state batteries (ASSBs) using solid electrolytes (SEs) 

are proposed to address the safety issues of LIBs. Thanks to the intrinsic solid character of the 

SEs, the formation of dendrites could be suppressed, which enables the safe application of Li 

metal as the negative electrode and thus improves the energy density owing to its high 

theoretical capacity of 3860 mAh/g (14). Moreover, SEs can offer a wide electrochemical 

stability window and high thermal stability, and enable a simple battery design (15). The 

associated weight and volume reduction of the electrolyte enables a further increase in energy 
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density (16–18). Great attention has been paid to sulfide SEs because of their high conductivity, 

which is comparable to or greater than those of most LEs (19). Furthermore, sulfide SEs can 

be deformed simply by cold-pressing of electrolyte powders, which is beneficial for the 

fabrication of ASSBS. 

However, conventional ASSBs with bulk-type SEs cannot meet the requirements of 

increasingly smaller microelectronic devices such as implantable devices and wireless sensors, 

in the so-called internet of things (loT) era (20). To power these miniaturized microelectronic 

devices, a smaller energy storage system with high volumetric energy density is necessary. 

Two-dimensional (2D) thin-film batteries (TFBs), composed of positive electrode film, negative 

electrode film, and SE film instead of bulk-type SE, are the potential candidate. To maximize 

the areal energy density of TFBs, the thicknesses of thin-film electrodes are increased. But this 

would give rise to structural instability like film delamination and the decrease of the areal 

power density due to larger Li+ transport distances associated with thicker electrodes. Thanks 

to the use of the third dimension, height, three-dimensional (3D) batteries are considered to 

be a more effective strategy. They provide higher energy density owing to the efficient use of 

the volumetric space, simultaneously delivering a better power density, which results from 

the short Li+ diffusion paths (21–24). Since 3D positive and negative electrodes have been 

already fabricated, the deposition of appropriate 3D thin-film SEs is a key challenge in 

fabricating 3D batteries (25). Atomic layer deposition (ALD), based on sequential and self-

limiting surface reactions, is ideal for the deposition of pinhole-free, conformal, and 

homogeneous films on complex 3D architectures in 3D batteries (26, 27). Furthermore, the 

ALD is the only deposition technique that enables the precise control of the composition and 

thickness of the film at the atomic scale, which is crucial to design a preferred thin-film SE (28, 

29). 

In some cases, it is reported that the heterointerfaces between ion conductor and insulator 

enhance the ionic conductivity of both bulk-type and thin-film electrolytes owing to the space 

charge effect and strains on the heterointerfaces (30–36). In this work, both heterogeneous 

composites and ALD thin films were synthesized to investigate this enhancement of ionic 

conductivity in both systems. 
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2 Fundamentals 

In this chapter, the structures and principles of a common organic liquid  LIB and various SSBs 

are outlined in sections 2.1 and 2.2, respectively. Some important electrochemical parameters 

and concepts for batteries are then explained in section 2.3. Section 2.4 gives a brief overview 

of inorganic SEs including bulk-type and thin-film type SEs. In the last section of this chapter, 

the aim of the thesis is presented.  

2.1 Lithium-ion batteries  

Generally, a conventional lithium-ion battery (LIB) contains a positive electrode and a negative 

electrode immersed in a liquid electrolyte separated by a polymer membrane (separator). The 

terms “anode” and “cathode” refer to “negative electrode” and “positive electrode”, 

respectively, during the discharge process while the reverse is the case during the charge 

process. In this thesis, positive and negative electrodes will be used to avoid confusion. The 

electrolyte should be highly ionic conductive to transport Li+ ions between the two electrodes, 

while the separator serves as an electronic insulator to prevent the short circuit. Figure 2.1 

shows the most widely commercialized LIB system that uses graphite as the anode and LiCoO2 

as the cathode. During the charging process, Li+ ions are extracted from the LiCoO2 cathode 

(Equation 2.1) and intercalated into the graphite anode (Equation 2.2) through the electrolyte 

driven by an external voltage (Equation 2.3). In this way, the electric energy is converted to 

chemical energy stored in the battery by the oxidation of the cathode the reduction of the 

anode. During the discharging process, Li+ ions and electrons move reversely (Equation 2.4, 

Equation 2.5, and Equation 2.6). The chemical energy is thus transformed back to electric 

energy to power electronic devices. The principle of such LIB can be illustrated by the following 

electrochemical reactions: 

Charge: LiCoO2 → Li1-xCoO2 + xLi+ + xe- Equation 2.1 

               C + xLi+ + xe- → LixC Equation 2.2 

               Total reaction: LiCoO2 + C → Li1-xCoO2 + LixC Equation 2.3 

Discharge: Li1-xCoO2 + xLi+ + xe- → LiCoO2 Equation 2.4 

                    LixC → C + xLi+ + xe- Equation 2.5 

                   Total reaction: Li1-xCoO2 + LixC → LiCoO2 + C Equation 2.6 
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Figure 2.1: Scheme of the LIBs using liquid electrolytes.  

2.2 All-solid-state batteries 

In an ASSB, not only the positive and negative electrodes are solid but also the electrolyte, 

which works as both liquid electrolyte and separator. The positive electrode and the negative 

electrode are attached to both sides of the SE. Since the contact between solid and solid is not 

comparable with that of solid and liquid, the solid interface between electrode and SE plays a 

key role in the performance of an ASSB (37). The structure of ASSBs is simpler than LIBs and 

can therefore eliminate the restrictions of packaging and safety. ASSBs share a similar working 

principle with conventional LIBs: Li+ ions move back and forth between the positive electrode 

and the negative electrode via the SE during charge and discharge processes, while electrons 

transfer reversibly via the external circuit. 

A schematic diagram of three different ASSBs including bulk ASSBs, two-dimensional thin-film 

batteries (TFBs), and 3D batteries are presented in Figure 2.2. The positive electrode of a bulk 

ASSB consists of a composite of active material and SE (and conductive additives) and the 

negative electrode can be made up of a composite or lithium metal (38). ASSBs are normally 

constructed by hot or cold pressing, while TFBs adopting 2D planar design are prepared by 

stacking dense electrodes and electrolyte films via various deposition techniques, such as 

chemical vapor deposition (CVD), electrostatic coating, or pulsed laser deposition (PLD) (25). 

Unlike the composite electrodes in bulk ASSBs, only active materials are used in thin-film 

electrodes. The thickness of thin-film electrodes is limited to a few microns because of kinetic 

and structural problems brought by thickened electrodes. TFBs fabricated by vapor deposition 
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have been commercialized, however, they still suffer from their restriction of limited areal 

specific capacity (39). In a 3D battery, electrode and electrolyte thin films are deposited in a 

3D architecture. These conformal 3D layers significantly increase the effective surface area 

and consequently improve the energy and power densities. Although 3D batteries share a 

similar local battery structure with TFBs, the demand for an appropriate electrolyte film with 

complex contours still stands in the way of their commercialization.  

 

Figure 2.2: Schemes of three typical ASSBs configurations: (a) bulk all-solid-state battery, (b) 

thin-film battery, and (c) 3D battery. 

2.3 Basic battery parameters 

1) Cell voltage 

The cell voltage E (V) corresponds to the potential difference of the positive electrode and the 

negative electrode in units of volts. If the electrical work or free energy ∆G (kJ/mol) is known, 

the cell voltage can be calculated by the following thermodynamic function:  

∆G = -zFE or ∆Gϴ = -zFEϴ Equation 2.7 

where z is the number of electrons transferred in the cell reaction or half-reaction, F (96485 

C/mol) is Faraday’s constant, ∆Gϴ (kJ/mol) is the standard free energy, and Eϴ (V) is the 

standard electromotive force. ∆G is given by Nernst equation: 

∆G = ∆Gϴ + RT·ln(K) Equation 2.8 



6 

 

here R (8.314 J/mol·K) is the ideal gas constant, T is the absolute temperature in Kelvin and K 

is the thermodynamic equilibrium constant of the electrochemical reaction given by: 

K = ln(aox/are) Equation 2.9 

where aox and are are the activities of oxidized and reduced species, respectively. Then the 

theoretical cell voltage can be calculated by combining Equation 2.7 and 2.8 in the Nernst 

equation: 

E = Eϴ + (RT/zF)In(K) Equation 2.10 

2) Capacity and specific capacity  

The capacity Q describes the amount of electric charge that a battery can deliver at a rated 

voltage in units of Ah or mAh. The specific capacity C refers to the capacity per unit mass, 

which is expressed in mAh/g. The theoretical specific capacity Cth is given by:  

Cth = NF/3600M Equation 2.11 

where N is the number of moles of charge carrier and M (g/mol) is the molecular weight of 

the active material used in the electrode. 

3) C-rate 

A C-rate is used to measure the rate of discharge of a battery relative to its maximum capacity. 

It is defined as the capacity divided by the discharge time. For instance, a 1C rate means that 

the battery is fully discharged within 1h, while 10C refers to fully discharging within 1/10 h. 

4) Coulombic efficiency  

The Coulombic efficiency ηc is defined as the ratio of the total charge extracted from the 

battery Qdischarge to the total charge injected into the battery Qcharge over a full charge/discharge 

cycle.  

ηc = Qdischarge/Qcharge Equation 2.12 

5) Energy, specific energy, and energy density  

The energy ε (Wh) of a battery corresponds to the product of the cell capacity Q and the 

average cell voltage Eav:  

ε = QEav Equation 2.13 

The energy values per unit mass and per unit volume are expressed as the specific energy 

(Wh/kg) and the energy density (Wh/L), respectively.  
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6) Ionic conductivity  

The ionic conductivity σ (S/cm) is used to describe the tendency of material towards ionic 

conduction, which arises from the movement of positive (or negative) charged ions under an 

external electric field. The ionic conductivity can be defined by the following equation: 

σ = nqµ Equation 2.14 

where n (cm-3) is the number of ions per unit volume, q (C) is the carrier charge, and µ (m2V-1 

s-1) is the mobility, the average velocity of an ion due to an applied electric field of unit 

strength.  

7) The Arrhenius model  

The Arrhenius model describes the relationship between the temperature and the rate of 

chemical or physical reactions via the Arrhenius equation below: 

k = k0 exp(Ea/RT) Equation 2.15 

where k is the kinetic reaction rate, k0 is the rate constant, Ea (eV or J/mol) is the activation 

energy defined as the minimum amount of energy that is required to result in a chemical 

reaction or physical transport, R (8.314 J/mol·K) is the ideal gas constant, and T (K) is the 

absolute temperature.  

The ionic conduction is also considered to be an activated process, which has contributions 

from both ionic mobility and defect formation. Therefore, the temperature dependence of 

ionic conductivity is given by: 

σ = (σ0/T) exp(Ea/RT) Equation 2.16 

where σ0 is a constant. Converting this relationship to natural logarithm form, the following 

equation is obtained: 

ln(σT) = lnσ0 - Ea/RT Equation 2.17 

A graph of In(σT) against 1/T is called an Arrhenius plot, which theoretically should be a 

straight line for thermally activated conduction. The activation energy can be then calculated 

based on the slope of this line.  

2.4 Inorganic solid electrolytes 

Solid electrolytes (SEs) are classified into inorganic and organic electrolytes. Inorganic SEs with 

better thermal stability and mechanical stability have been widely investigated. This short 
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overview of SEs will focus on inorganic SEs with regard to this thesis concerning both bulk and 

thin-film. 

2.4.1 Bulk solid electrolytes 

Inorganic bulk solid electrolytes mainly comprise sulfides and oxides, which are remarkable 

due to their high thermal stability and ionic conductivity. Oxide SEs with different structures 

such as garnet, perovskite, lithium superionic conductor (LISICON), and sodium superionic 

conductors (NASICON) have been intensively studied. Oxide SEs have high conductivity (10-6-

10-3 S/cm at room temperature (RT)) and high stability at high voltage as well as in the air (40). 

Sulfide SEs systems including binary systems and ternary systems have drawn more and more 

attention recently due to their extremely high ionic conductivity (10-4-10-2 S/cm at RT) and 

cold deformable nature. Compared with oxide SEs, sulfide SEs have a weaker attraction 

between the sulfide framework and the Li+ ions because of the higher polarizability of sulfide 

ions. Therefore, the mobility of Li+ ions in sulfide SEs is higher than in oxide SEs (17, 41). 

1) Oxide solid electrolytes 

Garnet-type SEs share a chemical formula of AB(CO4)3 where A (Ca, Mg, La, Y, or rare earth 

metals), B (Al, Fe, Ga, Ge, Mn, Ni, V), and C (Si, Ge, or Al) are located in eight, six, and four 

oxygen-coordinated cation sites, respectively. They are one of the most promising candidates 

for ASSBs owing to their high conductivity and exceptional stability against Li metal (42, 43). 

The first garnet-type SE Li5La3M2O12 (M = Nb and Ta) was found by Thangadurai et al., where 

Li5La3Ta2O12 showed an ionic conductivity of 3.4x10-6 S/cm at RT (44). By partial substitution 

of La with Ba, the ionic conductivity of Li6BaLa2Ta2O12 was increased to 4x10-5 S/cm at RT (45). 

In 2007, Murugan et al. reported cubic structured Li7La3Zr2O12 (LLZO) with an ionic conductivity 

of 3x10-4 S/cm at RT, which is higher than the tetragonal LLZO due to the different degree of 

Li-vacancy order on the tetrahedral and octahedral sites (46, 47). The conductivity of cubic 

LLZO could be further enhanced by doping with other ions such as Y3+, Al3+, Ta5+, Nb5+, Si4+, 

Ga3+, and Te6+ (48–54). La3Zr1.75Te0.25O12 was obtained by partial replacement of Zr4+ with Te6+, 

which reaches a superior conductivity of 1.02×10−3 S/cm at RT (53). Lu et al. achieved an even 

higher ionic conductivity of 1.28×10−3 S/cm at RT with Li6.25Ga0.25La3Zr2O12 (54).  
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The Perovskite structure family exhibits a general formula of ABO3 with alkaline ions (Li+, Na+, 

K+) or rare-earth ions (La2+, Sr2+, Ca2+, Ba2+) in the A sites and transition metal ions (Ti4+, Al3+, 

Zr4+) in the B sites. The A ions and B ions are 12-fold and 6-fold coordinated with oxygen ions, 

respectively. Li3xLa2/3−xTiO3 (LLTO) is one of the most representative perovskite-type SEs, in 

which A sites are occupied by Li and La. It is reported that the conductivity of LLTO depends 

on the concentration of Li and vacancies in A sites (55). The LLTO synthesized by Inaguma et 

al. exhibited a conductivity exceeding 10−3 S/cm at RT (56). However, Ti4+ in LLTO is easily 

reduced to Ti3+ by Li metal or intercalated electrodes with a cathodic potential above 2.8 V 

(57). Furthermore, the ionic conductivity of LLTO is limited by its high grain boundary 

resistance (58). 

Li+ ion conductive oxides with a crystalline structure similar to that of γ-Li3PO4 are called 

LISICON in which all cations are tetrahedrally coordinated. The composition of Li3+x(P1−xMx)O4 

within a given LISICON structure obtained by partially substituting P5+ with tetravalent ions 

such as Si4+, Ge4+ can improve the ionic conductivity (59–61). Ivanov-Shitz and Kireev 

synthesized the single-crystal Li3.34P0.66Ge0.34O4 with a conductivity of 3.7 × 10−2 S/cm at 400 °C 

(62). Recently, Zhao et al. reported the co-doped Li3.53(Ge0.75P0.25)0.7V0.3O4 showing an ionic 

conductivity of 5.1 × 10−5 S/cm at RT (63). LISICON SEs show high stability even in moist air, 

however, they have low ionic conductivity at RT (10-5 S/cm) and low stability against lithium 

metal. 

NASICON with the general structure of AB2(PO4)3, where the A site is occupied by alkali ions 

(Li+, Na+, K+) and the B site is occupied by tetra-valent ions (Ge4+, Ti4+, Zr4+), was early reported 

by J. Goodenough and H. Hong et al. based on their work on Na1+xZr2P3-xSixO12 in 1976 (64). 

The 3D framework of NASICON structures consists of corner-sharing BO6 octahedra and PO4 

tetrahedra. Li-containing NASICON-type SEs are obtained by replacing Na+ with Li+ in the A 

sites and the high Li+ ionic conductivity can be achieved only when the size of interconnected 

channels in the framework matches the Li+ ion size (65). It has been widely reported that the 

conductivity of LiTi2(PO4)3 and LiGe2(PO4)3 can be significantly improved by Al substitution, 

named Li1+xAlxTi2-x(PO4)3 (LATP) and Li1+xAlxGe2-x(PO4)3 (LAGP), respectively (66–69). 

Li1.4Al0.4Ti1.6(PO4)3 with a very high conductivity of 1.12 × 10−3 S/cm at RT was prepared by Xu 

et al. (70). However, LATP suffers from the same Ti4+ reduction issue as LLTO, which is rather 
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challenging for its application. Cr-doped LAGP Li1.5Al0.4Cr0.1Ge1.5(PO4)3 shows the highest 

reported ionic conductivity of 6.65 × 10−3 S/cm at RT to date among NASICON-type SEs (71). 

Ge4+ is more stable against Li metal than Ti4+, but the high cost of Ge restrict the application 

field of LAGP (72). 

2) Sulfide solid electrolytes 

Li2S-P2S5 binary system lithium-ion conductors have been widely studied due to their low cost, 

high ionic conductivities, and wide electrochemical windows vs. Li/Li+. Among these binary 

sulfides, 75Li2S-25P2S5 (Li3PS4) with good compatibility with lithium metal and 30Li2S-70P2S5 

(Li7P3S11) with high RT conductivity over 10-3 S/cm gained more and more attention. 

Tatsumisago successfully synthesized amorphous Li3PS4 by mechanical ball milling, which 

exhibited a conductivity of 2×10−4 S/cm at RT (73). Crystalline Li3PS4 has three different phases: 

the low-temperature γ phase, the medium-temperature β phase, and the high-temperature α 

phase. γ-Li3PS4 has the lowest ionic conductivity of 3x10-7 S/cm at RT while β-Li3PS4 is the 

highest ionic conductive phase (about 10-4 S/cm) due to the different arrangements of PS4
3- 

tetrahedrons in crystal Li3PS4 (74, 75). The glass-ceramic Li7P3S11 prepared by melting, 

quenching and then hot pressing exhibits an extremely high RT conductivity of 1.7×10−2 S/cm 

owing to its low grain boundary resistance (76). Other binary systems such as Li2S-B2S3 and 

Li2S-SiS2 exhibit ionic conductivities of around 10-4 S/cm at RT, and Li2S-GeS2 has lower ionic 

conductivity in the range of 10-5-10-7 S/cm at RT (77–79). Their ionic conductivity could be 

improved by increasing the concentration or mobility of Li+ via doping of lithium salts or 

lithium halides. The conductivity of the Li2S–SiS2 binary system was increased to higher than 

10-3 S/cm at RT by adding LixMOy (M = Si, Ge, P) (80). With the addition of LiX (X = Cl, Br, I), the 

ionic conductivities of both Li2S-B2S3 and Li2S-SiS2 can be significantly improved (81–83).  

Similarly, in order to improve the ionic conduction in the Li2S-P2S5 binary system, a third 

component such as a sulfide (GeS2, SiS2, SnS2 Al2S3, P2S3, MoS2), a lithium halide (LiF, LiCl, LiBr, 

LiI) or an oxide (P2O5, Li2O) is added into the binary sulfide SEs forming ternary system sulfide 

SEs (84–91). In 2011, a lithium superionic conductor Li10GeP2S12 (LGPS) was prepared by 

doping with GeS2, which provides an extremely high conductivity of 1.2x10−2 S/cm at RT (84). 

To reduce the cost brought by Ge, SiS2 and SnS2 were used for doping resulting in Li10SiP2S12 

(2.3x10−3 S/cm at RT) and Li10SnP2S12 (4x10−3 S/cm at RT) compounds (85, 86). It is believed 
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that the enhancement of the conductivity arises from the lithium vacancies caused by the 

aliovalent substitution (92). The partial replacement of S2- by halogen ions in the Li2S-P2S5 

binary system, namely, Li6PS5X (X = Cl, Br, and I), could enhance the ionic conductivity because 

of the highly disordered cation arrangement (93, 94). It is reported that the conductivity of 

the crystalline Li6PS5Cl is more than 10−3 S/cm at RT (95, 96). The main drawback of the sulfide 

SEs is their poor chemical stability against moisture in the air. They easily react with steam in 

the air and consequently produce toxic H2S and destroy the structure (97). To stabilize the Li2S-

P2S5 binary system, various oxide dopings such as P2O5, Li2O, Fe2O3, ZnO, Bi2O3, Li3PO4 are 

introduced into the system (88, 91, 98, 99). 

2.4.2 Thin-film solid electrolytes 

Since bulk-type SEs can not meet the demand on ever-reduced package size, a lot of thin-film 

SEs for TFBs in the conductivity range of 10-9-10-4 S/cm have been developed by various 

deposition techniques such as pulsed laser deposition (PLD), radiofrequency (RF) sputtering, 

atomic layer deposition (ALD), sol-gel, etc. These thin films are divided into 6 groups here: 

LiPON, NASICON, perovskite, garnet, other oxides, sulfides. 

Owing to its high conductivity of 10-6 S/cm at RT and a wide electrochemical window of 5.5 V 

versus lithium, amorphous lithium phosphorous oxynitride (LiPON) thin films have been 

commercialized in many TFBs (39). Various techniques such as PLD, RF sputtering, and ALD are 

utilized for the deposition of LiPON thin films (100–105). In LiPON, double or triple coordinated 

nitrogen atoms replace oxygen atoms that are bonded to phosphorous. The length of links 

between the phosphate chains is thus decreased and consequently enhances Li+ ions transport 

(106, 107). A RT conductivity close to 10-3 S/cm is achieved by substrate biasing on the LiPON 

films deposited via RF sputtering (108). Recently, 3D conformal LiPON thin films via ALD were 

prepared for potential application in 3D batteries. Kozen et al. synthesized LiPON ALD films 

with different nitrogen concentrations by changing the N2 plasma pulse duration (103). In their 

report, the maximum RT ionic conductivity of approximately 5 x 10-7 S/cm was reached in the 

film with the highest N concentration of 17 atomic %. Nisula et al.reported LiPON film with RT 

conductivity of 6.6 × 10-7 S/cm via ALD using two precursors instead of three (104). 
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LAGP and LATP are typical NASICON bulk SEs with high ionic conductivity as mentioned in 2.4.1. 

RF sputtering is one of the most common techniques to deposit their thin-film formats. LAGP 

thin film with a conductivity of 1.29 × 10-6 S/cm was prepared via RF sputtering at 200 °C by 

Sun et al. (109). Chen et al. reported a high ionic conductivity of 2.46 × 10-5 S/cm for LATP films 

using RF sputtering deposited at 300 °C (110). They indicated that the increased substrate 

temperature can enhance Li+ transport due to the formation of a denser film. Similar to their 

bulk format, LAGP suffers from the high cost of Ga, while LATP is limited due to the reaction 

between Ti4+ and Li metal leading to the formation of a highly resistive interface. 

Perovskite-type LLTO thin films have been extensively studied due to the high conductivity of 

bulk-type LLTO. Ohta et al. grew single-crystalline LLTO film on (001) SrTiO3 by PLD, which 

showed an ionic conductivity of 2.5 × 10-2 S/cm at 190 °C and 1.5 × 10-4 S/cm at RT by 

extrapolation with respect to a constant activation energy of 0.37 eV (111). Ahn et al. prepared 

amorphous LLTO films by PLD with RT ionic conductivities of 1.1 × 10-5 S/cm for 400 nm film 

and 2.0 × 10-5 S/cm for 360 nm film (112, 113). A very impressive ionic conductivity of 1 × 10-3 

S/cm of PLD-deposited amorphous LLTO thin films was reported by Furusawa et al., which may 

originate from both superior electronic and ionic conductivity (114). ALD was also used to 

grow LLTO thin films as reported by Aaltonen et al. (115). Unfortunately, the value of ionic 

conductivity is not presented in their work.  

LLZO is one of the most important bulk garnet-type SEs with high ionic conductivity. With this 

in mind, LLZO thin films have been widely studied and successfully synthesized by PLD, RF 

sputtering, sol-gel, and CVD (116–119). Park et al. deposited crystalline LLZO thin films at 

600 °C by PLD, which exhibited an ionic conductivity of 1.61 × 10-6 S/cm at RT (120). Al- and 

Ta-doped LLZO thin films generated by PLD were also investigated to improve the ionic 

conduction performance, which shows RT conductivities of 1 × 10-5 S/cm and 4.4 × 10-6 S/cm 

by extrapolation, respectively (121, 122). Lobe et al. grew cubic Al- and Ta-doped LLZO films 

via RF sputtering at 700 °C, which had an impressive conductivity of 1.2 × 10-4 S/cm (123).  

In addition to the oxides mentioned above, some other oxide films have been also extensively 

explored. By doping nitrogen via N2 plasma, amorphous nitrogen-incorporated lithium 

silicophosphate (LiSiPON) thin films were fabricated by RF sputtering, which show an RT 
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conductivity above 1 × 10-5 S/cm and high stability against lithium metal (124–126). Varying 

non-conventional oxide films such as LixAlyO, LixAlySiyO, LixSiyO, LixNbyO, Li3PO4, LixTayO, Li3BO3-

Li2CO3 via ALD have been investigated as thin-film electrolytes in 3D batteries in the past 

decade (127–133). Among these ALD films, Li3BO3-Li2CO3 with an ionic conductivity of 2.2 × 

10-6 S/cm at RT was the highest reported value for ALD thin-film electrolytes (133). 

Motivated by high conductivity and high electrochemical stability, sulfidic thin films have been 

investigated as SEs in TFBs. Cao et al. synthesized LixAlyS thin films by ALD providing an 

extrapolated RT conductivity of 2.5 × 10-7 S/cm, which served as a protecting coating on the 

lithium metal anode (134). Ohta et al. demonstrated a high RT conductivity of 1.7 × 10-4 S/cm 

of LGPS films produced by PLD, which was about an order of magnitude lower than the bulk 

conductivity of the target (135). It is reported that PLD-deposited amorphous Li3PS4 films using 

Li2S-excess target (Li3.42PS4.21) exhibited a conductivity of 5.3 × 10-4 S/cm at RT (136). Seo and 

Martin reported nLi2S-GeS2 (n = 1-4) amorphous thin films via RF sputtering, in which the 

composition of Li6GeS5 revealed the highest RT conductivity exceeding 1 × 10-3 S/cm (137). 

2.5 Aim and objectives of this thesis 

Recently, inorganic SEs gained more and more attention in both bulk and thin-film formats 

due to their high safety profile and better mechanical properties than those of liquid 

electrolytes. Heterostructures are a promising way to enhance the ionic conductivity of an SE 

owing to their high concentration of interfaces. The aim of this thesis is basically to explore 

heterostructured SEs in both bulk-type and thin-film systems.  

1) Bulk-type solid electrolyte: (100-x)Li3PS4-xLi3PO4 

A two-step mechanical milling will be used to prepare the raw heterogeneous composites of 

(100-x)Li3PS4-xLi3PO4 with a molar fraction of Li3PO4 in the range of 0-40 mol %. The structural 

evolution of the heterogeneous oxysulfides (100-x)Li3PS4-xLi3PO4 with various compositions 

will be then investigated. The desired compositions will be examined using X-ray 

photoelectron spectroscopy (XPS). To explore the enhancement brought by heterogeneous 

doping of Li3PO4, the ionic conductivity and electrochemical stability of these heterogeneous 

composites in Li symmetric cells will be studied by various electrochemical techniques. Li-
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In/(100-x)Li3PS4-xLi3PO4/LiCoO2 cells with commercial electrode materials will be assembled 

to probe their ability to serve as SEEs in a full cell.  

2) Thin-film solid electrolyte: LiON-Al2O3 

Novel heterostructured LiON-Al2O3 thin films with symmetric varied sublayer thicknesses will 

be deposited using atomic layer deposition (ALD). Exemplarily ALD films will be chosen to 

conduct typical characterizations. As an important property for thin-film SEs, the surface 

morphology of the heterogeneous films will be characterized at first. Various characterization 

techniques will be employed to probe the layer-by-layer structure of these multilayered films. 

In order to obtain in-depth chemical information, both qualitative and quantitative analyses 

will be carried out by XPS and ToF-SIMS sputter depth profiles. In-plane conductivity of all 

multilayered thin films and pure LiON film will be tested by impedance spectroscopy to explore 

the influence of heterostructure and sublayer thickness on the ALD thin films. 
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3 Characterization Method 

This chapter introduces various methods that are used to characterize the bulk-type and thin-

film SEs in this work. 

3.1 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is one of the most commonly used surface-sensitive 

techniques to assess the chemical and electronic state of the elements (except for hydrogen 

and helium) within the topmost surfaces. It is based on the photoelectric effect, namely, when 

the light beam irradiates a material, photoelectrons are emitted with excess kinetic energy if 

the absorbed energy of light quanta (photon) is larger than the binding energy or the 

ionization potential of electrons. In the case of XPS measurements, core and valence electrons 

of the surface atoms are emitted by illumination of an X-ray source as illustrated in Figure 3.1. 

The emitted photoelectrons are then measured by the spectrometer. When the sample and 

the spectrometer have good electric contact, they will share the same Fermi energy EF. With 

this in mind, the relationship between kinetic energy Ek and binding energy Eb of the 

photoelectron could be described by:  

Ek = hν - Eb - φsp Equation 3.1 

where Ek is the measured kinetic energy (eV) in the spectrometer, hν is the energy of the X-

ray source (h (6.63 × 10-34 m2kg/s): the Planck constant, ν (Hz): the frequency of the photon), 

Eb is the binding energy (eV) with respect to the Fermi level, and φsp is the work function of 

the spectrometer, which can be determined experimentally. When the sample is insulating, 

there will be a local charge build-up resulting from the loss of electrons by the photoelectronic 

effect. This build-up of electrons raises the Fermi level of the spectrometer relative to the 

sample. An energy reference (e.g. to adventitious carbon) is required to compensate for the 

energy shift. It is worth noting that the calculated binding energy Eb based on Equation 2.9 is 

not a quantity for a single photoelectron, but the energy difference between the initial state 

with N electrons and the final state with N-1 electrons. This energy difference mainly arises 

from the chemical shift induced by the chemical environment and the binding energy 

determined by the electron configuration. Hence, based on the measurement of the number 
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of photoelectrons and the corresponding binding energy, XPS is able to perform elemental 

identification, chemical environment analysis, and quantitative calculation. 

 

Figure 3.1: Scheme of the photoemission process involved in XPS for a conducting sample. φsp 

is the work function of the sample and Ek1 is the kinetic energy of the emitted photoelectrons.  

Soft X-ray sources used in XPS can penetrate several micrometers into the sample, but only 

the photoelectrons within less than 10 nm of the surface can be detected by the spectrometer. 

The reason is, that the photoelectrons excited in a deep region in the sample lose their 

energies due to scattering during their penetration to the surface. The escaped photoelectron 

intensity Id for an emitted photoelectron intensity I0 at a depth d below the surface could be 

calculated according to the Lambert-Beer law: 

Id = I0exp(-d/λ) Equation 3.2 

where λ refers to the photoelectron inelastic mean free path (IMFP), which means the average 

distance of an electron between two inelastic collisions. The value of IMFP depends on both 

the energy of the electron and the material properties. Sampling depth (around 3λ) is defined 

as the depth from which 95 % of all photoelectrons are able to escape from the surface. Most 

IMFP values are in the range of 0.5-3.5 nm. As a result, the sampling depth for XPS is in the 

range of 1.5-10 nm (138). 

In a typical XPS measurement, the take-off angle between the sample surface and the 

detection center is commonly fixed to 90°, which provides the deepest chemical information 

(3λ) of the sample, as presented in Figure 3.2 (a). Additionally, for an angle-resolved XPS 

(ARXPS) measurement, the sampling depth is decreased to 3λsinϕ when decreasing the take-

off angle to ϕ by tilting the sample, as illustrated in Figure 3.2 (b). Compared with XPS, ARXPS 
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is a more surface-sensitive technique, and it provides non-destructive in-depth information by 

probing the sample at different take-off angles. 

 

Figure 3.2: Scheme of angle-resolved XPS (ARXPS) at the maximum take-off angle of 90° (a) 

and decreased take-off angle of ϕ (b). 

Figure 3.3 shows the internal geometry of an XPS instrument that is used in this work (Thermo 

Fisher Scientific K-Alpha and K-Alpha+ ). The sample is placed in the ultra-high vacuum (UHV) 

chamber with a pressure lower than 10-8 mbar to minimize the inelastic scattering of 

photoelectrons with gas molecules and avoid sample contamination by gas absorption of the 

sample surface. Two cameras, two lamps, and a mirror are then used to identify the position 

and height of the sample for the XPS measurement. Electrons from the electron source are 

accelerated by an external voltage to the Al target to create the characteristic X-rays Al Kα 

(1486.6 eV). A monochromator is then utilized to narrow the band of the wavelength of Al Kα 

and to provide a spot size between 30-400 μm. The local charge build-up during the 

measurement can be compensated by a flood gun, which is a dual-beam source consisting of 

a focused low energy electron beam and the large area ion-flux. Some of the emitted 

photoelectrons are collected by a 180° hemispherical sector analyzer (HSA) with an 

acceptance angle of ± 30° and then the photoelectrons with a fixed pass energy are detected 

by a channel plate detector consisting of 128 channels. To obtain a spectrum over a range of 

binding energy, it is necessary to scan the voltages in the HAS. An ion gun is used to remove 

surface material for cleaning or depth profiling. Alternative raster-scanned etching and XPS 

measurement at the center of the etched area can give in-depth information of the sample, 

i.e. XPS sputter depth profiling. The most commonly used ion beam are Ar+ ions with high 

energy in the range of 500 eV-5 keV in our case. Recently, an Ar cluster ion source has been 

introduced for sputtering to minimize the change of chemical information caused by the ion 
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beam. Various sizes (750-3000) and energies (1-8 keV) of the cluster are available for this ion 

source. 

 

Figure 3.3: Scheme of a K-Alpha XPS instrument (139). 

A typical XPS spectrum is a plot of the photoelectron intensity vs. binding energy. Figure 3.4 is 

a survey (wide-scan) spectrum of Al2O3 powder with annotations of peaks originating from 

both photoelectrons and Auger electrons. This XPS survey spectrum with elemental 

information is obtained using high pass energy over 120 eV and a large binding energy window 

over 1200 eV. The background of the survey spectrum is stronger with the increasing binding 

energy. Because high binding energy refers to low kinetic energy and photoelectrons with low 

binding energy will experience more scattering during their emission. As a result, more 

photoelectrons with continuous energy are observed at higher binding energy.  

In order to gain more chemical information, high-resolution spectra measured at a low pass 

energy (10-50 eV) and a narrow binding energy window (10-40 eV) are fitted, as exemplarily 

presented in the upper left corner of Figure 3.4. The Al 2p spectrum is fitted with a doublet 

consisting of 2p3/2 (cyan peak) and 2p1/2 (orange peak) after subtracting the background with 

a (Shirley) function (magenta line). The first number 2 in 2p3/2 and 2p1/2 refers to the principal 

quantum number n, character p refers to the angular momentum quantum number l, the 
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subscripts 3/2 and 1/2 refer to the total angular momentum quantum number j, which is given 

by: 

j = l ± s Equation 3.3 

where s = ±1/2 is the electron spin angular momentum quantum number. The shape of the 

fitted peak (red line) is determined by one or more Voigt functions as well as by the 

convolution of Cauchy-Lorentz and Gaussian functions. The quality of the fitting is described 

by the Abbe criterion and Chi-square. 

 

Figure 3.4: Survey spectrum of Al2O3 powder with an insetted diagram of fitted Al 2p. 

Full width half maximum (FWHM) of the peak, determined by natural line broadening and 

spectrometer broadening, is a useful indicator for the changes of chemical state and physical 

conditions. The value of FWHM decreases with increasing angular momentum quantum 

number l (f < d < p < s). The binding energy for the corresponding peak will change if the 

chemical bonding environment of the element changes. This difference in the binding energy 

is called chemical shift, which includes information about the chemical composition, 

functional groups, and oxidation states. The quantitative chemical composition of the 

measured area can be calculated in atomic percent by the following equation: 

Cx = (Ix/Sx):Σ(Ii/Si) Equation 3.4 

where Cx, Ix, and Sx refer to the atom fraction, the peak area, and relative sensitivity factor 

(RSF) of element x, respectively. Σ(Ii/Si) is the sum of the ratio of the peak area and 

corresponding RSF for all elements in the measuring area. 
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3.2 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a non-destructive technique providing time-

dependent information about the system. The concept ‘impedance’, which describes the 

ability of a circuit to resist the flow of electrical current, is an analogy to resistance. Different 

from the resistance for an ideal resistor, impedance allows the description of a complex circuit 

with nonlinear current-voltage relationships. EIS is a frequency domain measurement by 

applying a small exciting signal to create a perturbation of an equilibrium state. A pseudo-

linear system is usually used for battery systems in which the current response It to a sinusoidal 

voltage Et is measured: 

Et = E0 sin(ωt), ω = 2πƒ Equation 3.5 

It = I0 sin(ωt + ϕ) Equation 3.6 

where E0 (V) is the amplitude of the signal, t (s) is the time, ω is the radial (angular) frequency 

(radians/s), f (Hz) is the frequency, I0 (A) is the amplitude of the signal, and ϕ (°) is the phase 

shift between the sinusoidal voltage and current response. The current response over a range 

of frequencies makes it possible to separate the processes occurring on different timescales, 

such as electronic and ionic processes in mixed conductors. With Euler's relationship: 

exp(iϕ) = cosϕ + isinϕ, i = (-1)1/2 Equation 3.7 

where i is the imaginary unit. The potential and response current can be expressed as: 

It = I0exp(i(ωt – ϕ)), Et = E0exp(iωt) Equation 3.8 

The impedance Z can then be calculated by:   

Z = Et/It = ǀZǀexp(iϕ) = ǀZǀcosϕ + iǀZǀsinϕ Equation 3.9 

The impedance Z can be divided in the imaginary part Z’’ and the real part Z’ as described by 

the following equation:  

Z = Z’ + jZ’’ (Z’ = ǀZǀcosϕ & Z’’ = ǀZǀsinϕ) Equation 3.10 

One of the most popular formats to present electrochemical impedance data is the Nyquist 

plot, as shown in Figure 3.5 (a), in which the imaginary impedance part (Z”) against the real 

impedance part (Z') at each excitation frequency is plotted. It is easy to obtain ohmic 

resistance by the crosspoint of the x-axis and the extrapolated semicircle. Three crosspoints 

can be observed in Figure 3.5 (a) by extrapolation and they correspond to the ohmic 
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resistances of R0, R1, and R2. The capacitance can be calculated based on resistance and 

frequency by:  

C1 = 1/2π ƒ1R1, C2 = 1/2π ƒ2R2 Equation 3.11 

where C1 and C2, R1 and R2 are capacitances (F) and ohmic resistances (Ω) corresponding to 

the small and large semicircles, respectively. ƒ1 and ƒ2 are frequencies (Hz) on the top of the 

small and the large semicircles.  

 

Figure 3.5: Nyquist plot inserted with an equivalent circuit (a) and Bode plot (b) of a test box. 

However, a frequency does not appear explicitly in a Nyquist plot. Therefore, so-called Bode 

plots (Figure 3.5 (b)) consisting of two diagrams of phase angle ϕ vs. frequency (diagram above) 

and the absolute value of the impedance ǀZǀ vs. frequency (diagram below) show a clear 

relationship between impedance and frequency. Three plateaus in Figure 3.5 (b) below refer 

to the three crosspoints in the left Nyquist plot and two valleys in Figure 3.5 (b) above refer to 

the two semicircles in the corresponding Nyquist plot.  

The blue hollow points in Figure 3.5 are the measured data, while the red lines are the fitting 

results using the equivalent circuit insetted in Figure 3.5 (a). The semicircle in a Nyquist plot is 

characteristic of a single "time constant", which represents a parallel combination of a resistor 

and a capacitor. The common elements used in the equivalent circuit are listed in Table 3.1. 

These theoretical circuit elements are attributed to physical processes in an electrochemical 

system, such as double layer capacitance, polarization resistance, charge transfer resistance, 
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diffusion, etc. In addition to the ideal resistor (R), capacitor (C), and inductor (L), the constant 

phase element (CPE) is also introduced to represent the imperfect capacitor in reality, which 

means the center of the semicircle in the Nyquist plot is not located on the x-axis. The 

exponent α of a CPE is in the range of 0 < α < 1 and Y0= 1/ǀZǀ at ω = 1 rad/s. When α = 1, the 

CPE behavior corresponds to an ideal capacitor. When α = 0.5, it is called Warburg element 

(W) corresponding to the diffusion-controlled electrochemical reaction. The Warburg 

impedance appears as a diagonal line with a slope of 45° in the Nyquist plot and it is located 

in the midway of a resistor (0° phase shift) and a capacitor (90° phase shift).  

Table 3.1: Common equivalent circuit elements. 

Equivalent Element Resistor (R) Capacitor (C) Inductor (L) CPE (Q) Warburg (W) 

Impedance R 1/jωC jωL 1/Y0(jω)α 1/Y0(jω)1/2 

Based on the resistance (R) obtained by fitting the EIS spectrum, the ionic conductivity of an 

SE can be given by: 

σ = l/RA Equation 3.12 

where l (cm) is the thickness of the SE pellet and A (cm2) is the cross-sectional area of the SE 

pellet. 

3.3 Time-of-flight secondary ion mass spectrometry 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is an extremely surface-sensitive 

technique that enables the detection of all elements and their isotopes with low detection 

limits ranging from parts per million (ppm) to parts per billion (ppb) on the 1-2 nm outmost 

surface. Figure 3.6 (a) illustrates the structure of a typical ToF-SIMS instrument. The primary 

ion gun using a liquid metal ion beam source, such as Bi+x, can provide a pulsed, energetic ionic 

probing beam (25-30 keV) that bombards the surface of the sample leading to a collision 

cascade and correlated atomic motion in the solid. Different particles such as secondary ions, 

molecular ion fragments, and neutral atoms are ejected during this process, but only about 5 % 

of them are positively or negatively charged ions and therefore extracted to the time-of-flight 

detector mass spectroscopy. The emission of these secondary ions can be described by the 

basic SIMS equation: 

Ix = IpCxSγη Equation 3.13 
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where Ix is the secondary ion current of species x, Ip is the primary ion beam current, Cx is the 

concentration of species x in the surface layer, S is the sputter ion yield of species x, γ is the 

ionization efficiency, and η is the transmission of the analysis system. Even if the intensity of 

secondary ions is proportional to the concentration, quantification by using ToF-SIMS is not 

straightforward. The ionization efficiency also contributes to the measured secondary ion 

counts and it depends on the element and electronic state of the surface. The quantification 

via ToF-SIMS is only possible when there is a relevant standard that is not easy to prepare 

accurately. 

In the ToF analyzer, all the collected secondary ions are accelerated to the same kinetic energy 

Ek through an extraction plate held at a fixed potential U:  

  Ek = qU = mv2/2 Equation 3.14 

where q and m are the charge and mass of the secondary ions, respectively. The velocity of 

the secondary ions can be calculated based on the time, which is needed for the flight of 

secondary ions through the flight tube t and the length of the field-free flight tube L: 

v = L/t Equation 3.15 

By combination of Equation 3.14 and Equation 3.15, we can get the relationship between the 

mass to charge ratio (m/q) and the time-of flight:  

  m/q = (2U/L2)t2 Equation 3.16 

 

Figure 3.6: Scheme of a ToF-SIMS instrument (b) and top view of the wedge crater (b) (140). 

A ToF-SIMS spectrum of intensity vs. mass to charge ratio (m/q) is obtained by an individual 

primary ion pulse. This high mass resolution spectrum gives specific chemical information 
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about the outmost surface layer since the secondary ions are separated according to their 

mass-to-charge ratio (m/q). Chemical imaging of the lateral secondary ions distribution in 

submicron resolution can be achieved by scanning the primary ions over the surface using the 

raster. Sputter depth profiling via ToF-SIMS is also possible by alternative erosion using a 

sputter ion gun (Cs+, O2
+, Ar+, gas cluster ions) and measurement (spectrum or imaging) using 

the primary ion gun. An electron flood gun is used to compensate for the charges and to 

improve the signal intensity during the measurement. To maximize the depth resolution and 

minimize the material damage caused by sputtering, a wedge crater sputtering strategy is 

applied as shown in Figure 3.6 (b). A beveled structure (red rectangular) with a small angle 

with respect to the surface is cut into the multilayer film to laterally amplify the buried film. In 

this way, the nanoscale multilayer structure of the thin film can be better resolved using ToF-

SIMS imaging (black rectangular). 

3.4 X-ray diffraction  

X-ray diffraction (XRD) is a non-destructive technique to characterize the atomic-scale 

structure of various substances, especially for crystalline materials. During the XRD 

measurement, a monochromatic X-ray beam is created by a cathode tube, and then collimated 

and directed onto the sample. The interaction between the incident X-ray and the sample can 

produce constructive interference when Bragg’s equation is satisfied: 

nλ= 2dsinθ Equation 3.17 

where n is an integer, λ is the wavelength of the X-rays, d is the distance between lattice 

planes, and θ is the angle of incidence of the X-ray on the lattice plane. In other words, the 

scattered waves interfere constructively when the difference of path length of two waves 

(2dsinθ) is equal to an integer multiple of the wavelength (nλ), as illustrated in Figure 3.7. This 

diffracted X-ray is detected after interference at different angles by rotating the sample holder 

and the detector. The peak intensities (y-axis) of the XRD pattern are determined by atomic 

parameters while the peak positions 2θ (x-axis) give information on unit cell parameters.  

In X-ray powder diffraction, constructive interference will occur in those crystallites that fulfill 

the Bragg condition. Since the powdered material is randomly orientated, all possible 

diffractions are attained by scanning the sample over an angle range of 2θ. By comparing with 
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the standard X-ray powder diffraction patterns from databases, the phase of the measured 

sample can be easily identified. For the characterization of a thin film, conventional XRD will 

produce a strong signal from the substrate of the film. By decreasing the incident X-ray angle 

to a low fixed grazing angle, known as grazing incidence XRD (GIXRD), the penetration depth 

of the X-ray can be significantly reduced and consequently eliminates the undesired diffraction 

from the substrate. This feature indicates that GIXRD is a suitable method to study the 

crystalline structures of thin films as well as surfaces.  

 

Figure 3.7: Schematic representation of Bragg’s equation. 

3.5 Scanning electron microscopy and energy-dispersive x-ray spectroscopy 

Scanning electron microscopy (SEM) is a very common instrument to characterize the surface 

topography of a sample. In a typical SEM measurement, an electron beam is generated by a 

hot filament cathode or a field emission cathode and accelerated to a certain energy by an 

electric field. This electron beam is then focused by electromagnetic lenses and scanned in a 

raster scan pattern toward the sample to obtain an image. All these processes are run in a 

vacuum system (< 10-5 mbar). During the interaction of the electron beam with the sample, 

three signals are generated providing the greatest amount of information in SEM and energy-

dispersive x-ray spectroscopy (EDX) measurements: secondary electrons, back-scattered 

electrons, and characteristic X-rays.  

Secondary electrons are the most widely used signal for topographical characterization. These 

electrons are generated by inelastic scattering of the electrons, i.e., the interaction of incident 

electrons with electrons or atoms of the sample resulting in a loss of electron energy. Due to 

their low energy (less than 50 eV), secondary electrons can only escape from a region within 
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a few nanometers of the material surface. Therefore, secondary electrons are principally used 

to provide high-resolution topographical contrast in SEM.  

Back-scattered electrons are generated by elastic scattering of incident electrons with atomic 

nucleus or outer shell electrons without much energy loss. The intensity of deflected back-

scattered electrons depends on the atomic number of the material. Hence, back-scattered 

electrons are primarily used to provide atomic number contrast in SEM. Nevertheless, the 

resolution of such an image is limited by the large penetration depth (1 μm) of back-scattered 

electrons due to their high electron energy (> 50 eV). When the incident electron beam strikes 

the sample, some vacancies will be created in the inner shell.  

Characteristic x-rays are produced when the outer shell electrons fall into the vacancies in the 

inner shell. The energy of these characteristic X-rays is determined by the energy difference 

of these two orbitals in outer and inner shells, which gives elemental information of the 

sample. One of the most used equipments for the detection of X-rays is energy dispersive x-

ray detector. The technique using characteristic X-rays to identify the element (atomic number 

4-92) is called energy-dispersive x-ray spectroscopy (EDX).  

3.6 Magic-angle spinning nuclear magnetic resonance spectroscopy  

Magic-angle spinning nuclear magnetic resonance spectroscopy (MAS NMR) is a very useful 

tool for the structural characterization of solid materials. In an NMR spectrometer, the nuclei 

of an isotope placed in a strong constant magnetic field are excited by a radio-frequency pulse 

and then an electromagnetic response with frequency characteristic to this excitation, the so-

called free induction decay (FID), is detected. An NMR spectrum of intensity vs. chemical shift 

is obtained by Fourier transformation of the FID response, in which the chemical shift is 

measured in frequency versus a reference. The so-called nuclear magnetic resonance occurs 

when the frequency of the RF pulse is consistent with the intrinsic frequency of the nuclei, 

which is determined by the static magnetic field, the chemical environment, and the magnetic 

properties of the isotope. Based on the specific magnetic properties of certain atomic nuclei, 

NMR delivers physical, chemical, electronic, and structural information about molecules. 
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In solution/gas NMR spectra, the peaks are very sharp due to the averaging of anisotropic 

NMR interactions by rapid random tumbling. For solid-state NMR, however, the peaks are 

broadened because of the anisotropic interactions of direct dipole-dipole interactions, 

chemical shift anisotropy (CSA), and quadrupolar interactions. The dipole-dipole interaction 

refers to the interaction through a space between the observed nucleus and the neighboring 

nuclei, which provides information on internuclear distances and angles. The CSA refers to the 

shielding effect of the surrounding shells of electrons, which gives information on the local 

chemical environment. The quadrupolar interaction refers to the interaction between the 

nuclear electric quadrupole moment and the surrounding electric field gradient produced at 

the nuclear site by a nonspherical charge distribution around the nucleus when the nuclear 

spin number is larger than 1/2. The information about the charge distribution and local 

environment can be obtained from the quadrupolar interaction. To narrow the peak 

broadening caused by these three interactions, magic-angle spinning (MAS) by rotating solid 

samples at an angle of θm= 54.74˚ with respect to the direction of the magnetic field is widely 

applied. Both dipole-dipole interactions and the chemical shift anisotropy depending on the 

geometric factor (3cos2θ-1) are then averaged to 0. The quadrupolar interaction is also 

partially averaged by MAS. Therefore, MAS NMR of a solid powdered material behaves 

similarly to conventional NMR of a solution/gas. Although the resolution of NMR spectra of 

solid samples is improved by applying MAS, the anisotropy and geometry information is 

sacrificed due to the averages of dipole-dipole interactions and CSA. 

3.7 Raman spectroscopy  

Raman spectroscopy is a widely used vibrational spectroscopic technique to investigate the 

unique “chemical fingerprints” of solid and liquid samples. A Raman spectrum is normally 

obtained by irradiating a sample with an intense laser beam and then collecting the 

electromagnetic radiation from the illuminating spot. When the monochromatic light (laser 

beam) irradiates the sample, a fraction of the beam is scattered either elastically or 

inelastically in all directions. For elastic scattering, the scattering radiation has the same 

frequency (wavelength) as the incident radiation, which is known as Rayleigh scattering. The 

inelastic scattering also called Raman scattering is composed of stokes scattering and anti-

stokes scattering. During stokes scattering, the molecules are excited from the ground state 
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to a virtual state and then end with a vibrationally excited state after photon scattering. 

Different from that, the initial state of anti-Stokes scattering is the vibrationally excited state 

and the final state is the ground state. Hence, the scattering radiation of Stokes scattering has 

a lower frequency than the incident light, while the anti-Stokes scattering has a higher 

frequency than the incident light. Stokes and anti-Stokes contain the same frequency 

information but the former has an appreciably intenser signal than the latter. As a result, 

Stokes scattering at some angle (normally 90°) is generally used for Raman spectroscopy. A 

spectrum of scattering intensity vs. Raman shift is plotted after the detection of Raman 

scattering photons where the Raman shift in wave numbers cm-1 refers to the frequency 

difference of the incident photon and scattered photon. The scattering intensity is 

proportional to the polarizability and the concentration of the molecules and the Raman shift 

is determined by the vibrational energies associated with the bonds of the molecules. 

Therefore, Raman spectroscopy is a very practical tool to identify the molecules in the gas, 

liquid, or solid samples. 

3.8 White light interferometry 

 

Figure 3.8: Scheme of a WLI system. 

White light interferometry (WLI) is a well-known optical measurement technique to 

characterize surface roughness and 3D surface geometry. In a typical WLI, as shown in Figure 

3.8, a broadband “white light” source is separated into reference and measurement beams by 

a beamsplitter. The reference beam is reflected by the mirror, while the measurement beam 
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is reflected or scattered by the sample surface. A phase difference between these two beams 

is introduced because of their different optical traveling paths. A different height of the sample 

surface means different measurement beam paths resulting in a phase pattern mixed with the 

reference light beam. Interference of these two beams occurs when the optical path 

difference is altered less than half the coherence length of the light source by scanning the 

objective. The surface is reconstructed based on the interference pattern projected on the 

CCD camera.  

3.9 Transmission electron microscopy  

Transmission electron microscopy (TEM) is one of the most advanced techniques for the 

analysis and visualization of samples down to atomic resolution. Almost all of the components 

in TEM are the same as in SEM. The electron source can be produced by thermionic emission 

or in a process called cold field emission. The electrons are then accelerated through a high 

potential of 40 to 100 kV and transferred to the sample by electromagnetic lenses. When the 

primary electron beam passes through the thin sample, various contrasts could be obtained, 

such as bright field contrast and diffraction contrast. A bright-field contrast is formed directly 

by the occlusion and absorption of electrons in the sample. Darker areas in the image 

represent regions where few electrons have been transmitted through the sample due to large 

thickness or high atomic number, whilst regions with less sample in the beam path will appear 

bright. A diffraction contrast is obtained by Bragg’s scattering of the incident electrons in a 

crystalline sample. This pattern gives information about the orientation, atomic arrangements, 

and phases in the measured area. 
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4 Bulk-Type Solid Electrolyte (100-x)Li3PS4-xLi3PO4 

This chapter concentrates on the investigation of bulk-type SEs (100-x)Li3PS4-xLi3PO4. Section 

4.1 explains the motivation of the research on heterogeneous Li3PS4-Li3PO4. The preparation 

of oxysulfides and the descriptions of corresponding characterization methods and 

electrochemical tests are then presented in section 4.2. Section 4.3 shows a detailed 

discussion of the results concerning powder characterization, ionic conductivity, and 

electrochemical performance of heterogeneous oxysulfides. These results are concluded in 

the last section of 4.4. 

4.1 Introduction 

ASSBs using SEs have attracted a lot of attention because they are safer and more reliable 

compared to traditional LIBs with liquid electrolytes. Li2S-P2S5 binary ionic conductors are one 

of the most promising SEs due to their high ionic conductivity over 10-3 S/cm at RT and a broad 

electrochemical stability window of more than 5 V (141, 142). Furthermore, owing to their 

mechanical properties, the grain boundary resistance of these Li2S-P2S5 binary SEs can largely 

be reduced by simple cold pressing and a favorable solid-solid contact at the electrode-

electrolyte interface can easily be obtained. An important drawback of such sulfide SEs is their 

hygroscopic nature that leads to structural change and the generation of H2S gas (143). It is 

reported that the Li2S-P2S5 with the composition of 75 mol % Li2S generated the least H2S in 

the Li2S-P2S5 binary system (144). With this in mind, 75Li2S-25P2S5 (Li3PS4) was prepared by 

planetary ball milling of Li2S and P2S5 as the first step of synthesis in this work.  

In 1973, C.C. Liang discovered the enhancement of ionic conductivity by dispersing an insulator 

into a conductor in the composite system of LiI-Al2O3, which is called insulator dispersion 

effect (145). J. Maier explained the origin of this enhancement based on the space charge 

effect at the heterointerface, which leads to the redistribution of charge carriers and defects 

(31–33). Based on this background, the poor conductor Li3PO4 was used as a heterogeneous 

dopant to improve the conduction performance of sulfide SEs (146–149). Moreover, partial 

heterogeneous doping of oxygen for sulfur can also stabilize the sulfide SEs towards moisture, 

enhance the electrochemical stability, and improve the cyclability in ASSBs (150–154). Takada 
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et al. reported heterogeneous (100-x)Li3PS4-xLi3PO4 with enhanced conductivity obtained by 

adding Li3PO4 via a quenching method (146). Huang et al. prepared amorphous powders 

70Li2S-(30-x)P2S5∙xLi3PO4 via high-energy ball milling, which showed the highest RT 

conductivity of 1.9×10−3 S/cm when x = 1 mol % (147). The authors attributed the higher 

discharge capacity of the LiCoO2 to the enhanced conductivity of the SE and reduced interface 

resistance of the electrode-electrolyte interface. A similar trend was found by Mo et al. in 

heterogeneous 95(70Li2S-30P2S5)∙5Li3PO4 glass electrolyte, where the ionic conductivity, 

electrochemical stability, and cyclability were improved by doping with Li3PO4 (149). More 

recently, Phuc et al. prepared 100Li3PS4-xLi3PO4 by liquid-phase synthesis with enhanced 

conductivity compared to pure Li3PS4 (148). The sample with x = 6 shows the best stability 

against Li and best cycling performance in their report. Despite these studies, a systematic 

investigation of Li3PO4 doped sulfide heterogeneous composite prepared by mechanical 

milling is of great value. Therefore, heterogeneous (100-x)Li3PS4-xLi3PO4 (10 ≤ x ≤ 40) was 

prepared by ball milling of calcined Li3PS4 and Li3PO4 in this work. The structural and 

compositional properties of these heterostructured oxysulfides were characterized by various 

methods. The influences of heterogeneous Li3PO4 doping on the conductivity and stability 

against Li are investigated, and the final ASSBs were studied by corresponding electrochemical 

measurements. 

4.2 Experimental 

4.2.1 Synthesis  

Heterogeneous (100-x)Li3PS4-xLi3PO4 raw powders were prepared by a two-step mechanical 

milling. The Li3PS4 glass was prepared by the first step of mechanical milling of 75 mol % Li2S 

(Sigma-Aldrich, 99.98 %) and 25 mol % P2S5 (Sigma-Aldrich, 99.9 %). A batch of about 4 g of 

this sulfide mixture and 70g ZrO2 balls with a diameter of 3 mm were placed in a 45 ml ZrO2 

bowl in an argon-filled glovebox (MBraun, Germany). The mixture was ball milled at 510 rpm 

for 540 cycles (5 min milling followed by a 15 min rest for cooling) using the planetary micro 

mill Pulverisette 7 Premium line (Fritsch, Germany). To prepare glass-ceramic β-Li3PS4, the 

glassy Li3PS4 was calcined at 250 °C under vacuum in a glass oven (Büchi, Germany) for 2 h and 

slowly cooled down to RT at a natural rate. β-Li3PO4 was prepared by a wet chemical reaction 

of 75 mol % 1 M LiOH and 25 mol % 1 M H3PO4. LiOH∙H2O (Sigma-Aldrich, 99 %) and H3PO4 
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(Carl Roth, 85 %) were weighed and dissolved in deionized water separately to prepare 1 M 

LiOH solution and 1 M H3PO4 solution. The LiOH solution was added to the 1M H3PO4 solution 

gradually with a molar ratio of 3:1 and the mixed solution was stirred at 80 °C for 6 h. After 

filtration and rinsing of Li3PO4 precipitation, the product was dried at 130 °C for 24 h, ground 

for 15 min, and then calcined at 300 °C for 16 h in a muffle furnace (P330, Nabertherm) to 

obtain β-Li3PO4. The oxygen was introduced to the sulfide by the second step of mechanical 

milling of the as-prepared glass-ceramic β-Li3PS4 and β-Li3PO4. Both powders were weighed 

with a certain molar ratio (10 ≤ x ≤ 40) and mixed in an agate mortar in a dry argon-filled 

glovebox. The mixture was then put into a 45 ml ZrO2 bowl and milled with the same ball 

milling process as for glassy Li3PS4 for 80 h to obtain heterogeneous (100-x)Li3PS4-xLi3PO4. 

4.2.2 Material characterization 

X-ray diffraction (XRD) patterns were collected using an STOE Stadi P powder diffractometer 

(STOE & Cie GmbH, Germany) equipped with a Mythen1K detector and Mo Kα1radiation (λ= 

0.70932 Å). The powder samples for XRD measurement were sealed in quartz glass capillaries 

with a diameter of 0.5 mm under argon atmosphere. Raman spectra were recorded with a 

LabRAM HR Evolution spectrometer (HORIBA Scientific, Japan) using a 50x magnification 

objective, an excitation wavelength of 632.8 nm, and a 600 g/mm grating. The samples were 

measured in sealed glass capillaries with a diameter of 0.5 mm. All Raman spectra were 

baseline-corrected and normalized to sum using the Horiba LabSpec 6 software. X-ray 

photoelectron spectroscopy (XPS) was performed using a K-Alpha or a K-Alpha+ spectrometer 

(ThermoFisher Scientific, UK) equipped with a microfocused, monochromated Al Kα X-ray 

source (λ=1486.6 eV) with a spot size of 400 μm. A charge compensation system was employed 

during the measurement, using electrons of 8 eV energy and low-energy argon ions to prevent 

localized charge accumulation. All samples were prepared in an argon-filled glovebox and 

transferred under an inert atmosphere into the spectrometer. Thermo Avantage software was 

used in data acquisition and processing, as described elsewhere (155). The analyzer 

transmission function, Scofield sensitivity factors, and effective attenuation lengths for 

photoelectrons were applied for quantification (156). The standard TPP-2M formalism was 

used for the calculation of effective attenuation lengths (138). All spectra were referenced to 

the carbonaceous C 1s peak (C–C/C–H) at 285.0 eV binding energy. 31P Magic-angle spinning 
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(MAS) nuclear magnetic resonance (NMR) spectra were obtained at a spinning speed of 30 

kHz on an Avance 500 MHz spectrometer (Bruker, Germany) at a field of 11.7 T, corresponding 

to a resonance frequency of 202.5 MHz. The powder samples were packed into 2.5 mm ZrO2 

MAS rotors in an argon-filled glovebox. A rotor-synchronized Hahn-echo pulse sequence was 

used for data acquisition. The chemical shift of 31P was referenced to H3PO4 (85 %, 0 ppm). 

Scanning electron microscopy (SEM) images were recorded by a Zeiss Merlin microscope 

(ZEISS SMT AG, Germany) with 5 kV acceleration voltage. Energy-dispersive X-ray spectroscopy 

(EDX) was performed using a 60 mm2 XFlash (Brucker, Germany) detector equipped in the SEM. 

The samples were transferred under Ar into the chamber of the SEM. 

4.2.3 Electrochemical characterization 

The SE powders of (100-x)Li3PS4-xLi3PO4 (60mg) were pre-pressed using a pressing die with a 

diameter of 8 mm via a manual hydraulic press (Specac, England) with a pressure of 50 MPa 

for 10 s at RT. For the preparation of a Li symmetric cell Li/(100-x)Li3PS4-xLi3PO4/Li, the pre-

pressed pellet was placed inside an in-house cell and pressed again at 400 MPa for 2 min at 

RT. The thickness of the repressed pellet was about 720 μm. Two Li foils (Rockwood Lithium, 

200 μm) with a diameter of 4 mm were then attached on both sides of the pellet in the cell. 

The structure of the in-house cell is displayed in Figure 4.1 (157). Li-In alloy was used as the 

negative electrode instead of Li metal for the preparation of an ASSB Li-In/(100-x)Li3PS4-

xLi3PO4/LiCoO2 due to its improved interface resistance (158). LiCoO2 powder (Sigma-Aldrich, 

99.8 %) and (100-x)Li3PS4-xLi3PO4 powder at a weight ratio of 7:3 were ground for 20 min with 

an agate mortar to obtain the positive electrode for the full cell. 6 mg of the mixed electrode 

powder was then pre-pressed with a pressure of 50 MPa for 10 s. The pre-pressed electrolyte 

pellet was put on the pre-pressed electrode in the cell and then pressed with 400 MPa for 2 

min at RT. The same Li foil as used in the symmetric cell (1.5 mg) together with an In foil 

(MaTecK, 99.99 %, 125 μm) with a diameter of 7 mm was pressed on the top of the electrolyte 

pellet serving as the negative electrode. All processes were carried out in an argon-filled 

glovebox with contents of H2O and O2 less than 1 ppm. 

All electrochemical measurements were performed using a multichannel potentiostat VMP3 

(Bio-Logic, Germany). Electrochemical impedance spectroscopy (EIS) was conducted on the Li 
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symmetric cell Li/(100-x)Li3PS4-xLi3PO4/Li with a signal amplitude of 20 mV at frequencies from 

1 MHz to 500 mHz over a temperature range of 5-75 °C controlled by a temperature chamber 

Model 115A (TestEquity, USA). The EIS data were analyzed using the software Relaxis 3 (rhd 

Instruments, Germany). Time-resolved EIS for Li symmetric cells and normal EIS for the cycled 

ASSBs were conducted at 15 °C. Cyclic voltammetry (CV) measurement was conducted on the 

Li symmetric cell in the voltage range of 0.5-10.0 V vs. Li+/Li at a scan rate of 5 mV/s at 25 °C. 

For galvanostatic cycling tests, the Li symmetric cells Li/(100-x)Li3PS4-xLi3PO4/Li were 

subsequently charged and discharged at a current density of 100 μA/cm2 for 1 hour at 25 °C. 

While the full cells Li-In/(100-x)Li3PS4-xLi3PO4/LiCoO2 were cycled at a current of C/10 (1C = 

120 mAh/g) within the discharge and charge cut-off voltages of 2.0 V and 4.2 V at 25 °C. The 

rate capability of the full cells was performed by cycling the cells with increasing C-rate (C/20, 

C/10, C/5, and C/2) and finally again C/20 for 5 cycles at each rate.  

 

Figure 4.1: Scheme (a) and a picture (b) of the cell for SEs. 

4.3 Results and discussion 

4.3.1 Structural characterization  

The XRD patterns of the starting materials Li2S and P2S5 and of the 75Li2S-25P2S5 mixture after 

ball milling are shown in Figure 4.2 (a). No reflections from either Li2S or P2S5 can be observed 

in the pattern of 75Li2S-25P2S5 after mechanical milling, indicating that an amorphous glass of 

75Li2S-25P2S5 was obtained. Rietveld refinement based on X-ray powder diffraction data of 

Li2S and P2S5 can be seen in Figure A 1. All reflections of Li2S can be indexed to the cubic Li2S 

structure model with space group Fd-3m and high crystallinity, and the lattice parameters are 
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a = b = c = 5.7145 Å, in accordance with previously published works (159, 160). With regard to 

the P2S5 material, all reflections can be indexed to the triclinic structure model with space 

group P-1 and the lattice parameters are a = 8.8658 Å, b = 9.2264 Å, c = 9.1676 Å, α = 92.33°, 

β = 100.37°, γ = 109.14°. This Rietveld refinement demonstrates phase-pure starting materials 

of Li2S and P2S5. 

 

Figure 4.2: XRD patterns (a) and Raman spectra (b) of starting materials Li2S, P2S5, and 

75Li2S-25P2S5 after mechanical milling. 

Figure 4.2 (b) shows the characteristic Raman spectra of the starting materials Li2S and P2S5 

and milled 75Li2S-25P2S5. The Raman spectrum of P2S5 is in good agreement with the literature 

(161, 162). There is a dominant Raman band at 372 cm-1 for Li2S, in accordance with the values 

in the literature (160, 163). All main bands in the Raman spectrum of the milled mixture of 

75Li2S-25P2S5 can be attributed to the internal vibration of the [PS4]3- anion with Td symmetry 

(164, 165). The strongest peak located at around 422 cm-1 is assigned to the symmetric 

stretching vibration of the P-S bonds ѵ1 in [PS4]3- units, while the broad peak in the range of 

500-600 cm-1 corresponds to antisymmetric P-S stretching vibration ѵ3. Two broad peaks at 

around 192 cm-1 and 265 cm-1 are respectively attributable to ν2 symmetric and ν4 asymmetric 
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S-P-S bending vibrations of tetrahedral [PS4]3-. The small shoulder band at around 389 cm-1 is 

assigned to the units of [P2S6]4- (74, 166). It is reported that the inhomogeneous ball milling 

process is a possible reason for this minor impurity (167). Another tiny band at around 486 

cm-1 arises from polysulfide chain ions, which may be the offset of [P2S6]4- to [PS4]3- (168, 169). 

Since [PS4]3- ions are the dominating species observed in the Raman spectrum of the mixture, 

we may confirm the stoichiometric composition of the milled powder. Taking both the XRD 

pattern and the Raman spectrum of 75Li2S-25P2S5 into consideration, an amorphous Li3PS4 

was synthesized after the first step of mechanical milling of Li2S and P2S5. 

XRD patterns of self-synthesized β-Li3PO4 and calcined β-Li3PS4 with the calculated profiles 

after Rietveld refinement are presented in Figure 4.3 (a) and (b). All reflections of the β-Li3PO4 

in Figure 4.3 (a) can be indexed to the orthorhombic structure model with space group Pmn21 

and the lattice parameters are a = 6.1225 Å, b = 5.2351 Å, c = 4.8537 Å, which agrees with the 

β-Li3PO4 phase in the literature (170, 171). β-Li3PS4 synthesized by calcination of amorphous 

Li3PS4 at 250 °C for 2 h was also investigated with X-ray powder diffraction as displayed in 

Figure 4.3 (b). All the main reflections can be indexed to the orthorhombic structure model 

with space group Pnma and the lattice parameters are a = 12.9649 Å, b = 8.0145 Å, c = 6.0785 

Å. However, it shows peak broadening due to the poor crystallinity which may arise from the 

low annealing temperature or short annealing time of 2 h (172). 

In order to introduce oxygen into 75Li2S-25P2S5, β-Li3PO4 and β-Li3PS4 were mixed by the 

second step of mechanical milling. Figure 4.3 (c) shows the XRD patterns of β-Li3PO4, β-Li3PS4, 

and the evolution of the heterogeneous mixtures (100-x)Li3PS4-xLi3PO4 at different molar 

ratios in the range of 10 ≤ x ≤ 40. Compared to the patterns of the starting materials β-Li3PO4 

and β-Li3PS4, the heterogeneous oxysulfides show mixed diffraction patterns of these two 

initial binary compounds with strong broadening of reflections and intensity decrease of the 

Bragg reflections, indicating the formation of the heterostructured composites. All the mixed 

powders remain glass-ceramic after a long-time (80 h) of ball milling. Even if Li3PO4 is the minor 

compound in the heterogeneous mixtures, the reflections of the powder mixtures mainly 

originate from β-Li3PO4, while the diffractions of the major composite β-Li3PS4 are not that 

intensive after long-time mechanical milling, because crystalline Li3PS4 is easier to be milled to 

glass than crystalline Li3PO4 owing to their different physical and mechanical properties. As 
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expected, the intensities of the diffractions have a tendency of reduction with the decreasing 

content of Li3PO4. For the powder with x = 10, the diffractions are very weak and the powder 

seems to become amorphous.  

 

Figure 4.3: Rietveld refinement based on XRD data of starting materials β-Li3PO4 (a) and β-

Li3PS4 (b); (c) XRD patterns of starting materials of β-Li3PO4, β-Li3PS4, and the evolution of 

heterogeneous oxysulfides (100-x)Li3PS4-xLi3PO4 (10 ≤ x ≤ 40). 

To investigate the local structure around phosphorus of the heterogeneous glass-ceramics, 31P 

MAS NMR measurements were performed as displayed in Figure 4.4 (a). According to the 

literature, the resonances at 10.9 ppm for β-Li3PO4 and 86.3 ppm for β-Li3PS4 are respectively 

attributable to the [PO4]3- and [PS4]3- units (173, 174). After mechanical milling of β-Li3PO4 and 

β-Li3PS4, a broad peak at 83.1 ppm is observed instead of the sharp peak of [PS4]3- units in all 

heterogeneous powders. This peak is assigned to the overlap of [PS4]3- and [PS3O]3- resonances 

and the broadening of the line shape again reflects the glass-ceramic property of the 
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oxysulfide mixtures (100-x)Li3PS4-xLi3PO4 (154). Two additional broad resonances at around 

69.5 ppm and 36.3 ppm in the spectra for the milled mixtures are attributed to [PS2O2]3- and 

[PSO3]3- units, respectively (175, 176). The other two broad resonances at a low chemical shift 

of 8.8 ppm and -2.8 ppm can be probably attributed to the poorly crystalline orthophosphate 

tetrahedra [PO4]3- and dimeric [P2O7]4- units after ball milling, respectively (175–181). The 

sharp peak of crystalline [PO4]3- at 10.9 ppm still exists in the oxysulfide mixtures agreeing with 

the XRD results that the diffractions of β-Li3PO4 remain in the heterogeneous oxysulfides. The 

presence of the additional units [PS3O]3-, [PS2O2]3-, [PSO3]3-, and dimeric [P2O7]4- units reveal 

that the sulfur atoms in [PS4]3- tetrahedra are partially substituted by the oxygen atoms from 

tetrahedra [PO4]3-. These MAS NMR results demonstrate that the structure of the β-Li3PS4 was 

modified by doping β-Li3PO4 via mechanical milling. It is worth noting that long relaxation 

times (> 30 min) of different samples may lead to selective suppression of the intensity of 

some of the peaks. 

Raman spectroscopy was performed on β-Li3PO4 and β-Li3PS4, and heterogeneous oxysulfides 

(100-x)Li3PS4-xLi3PO4 to investigate the bonding situation. In Figure 4.4 (b), all vibrations of β-

Li3PO4 are in accordance with the Raman results presented in the literature except for a tiny 

unknown peak at around 704 cm-1, which is also observed in other publications (182, 183). The 

strongest Raman peak of β-Li3PO4 located at 942 cm-1 stems from the symmetrical stretching 

vibration of the P-O bonds ѵ1 in [PO4]3- unit. Raman vibrations of β-Li3PO4 located in the ranges 

of 300-400 cm-1, 450-550 cm-1, 550-650 cm-1, and 980-1100 cm-1 are assigned to translation 

vibration, symmetric bending vibration ѵ2, asymmetric bending vibration ѵ4, asymmetric 

stretching vibration ѵ3 of [PO4]3-, respectively (182). Similar to glass Li3PS4, crystalline β-Li3PS4 

has a dominant peak at 422 cm-1 assigned to the symmetrical stretching vibration of the P-S 

bonds ѵ1 in [PS4]3- unit. Other vibrations in the ranges of 150-300 cm-1 (ѵ2 and ѵ4) and 500-600 

cm-1 (ѵ3) in the Raman spectrum of β-Li3PS4 are narrowed and shifted to a lower wavenumber 

after annealing. In the spectra of heterogeneous oxysulfides, these vibrations are broadened 

and shifted back after mechanical milling, in good agreement with the spectrum of amorphous 

Li3PS4. In addition to the vibrations of [PS4]3- units, a small peak at 942 cm-1 can be observed 

in the spectra of our oxysulfide mixtures. This vibration is attributed to the symmetrical 

stretching vibration of the P-O bonds ѵ1 in [PO4]3- from the crystalline β-Li3PO4. The shoulder 

peak with a slightly higher wavenumber than the former one can be also assigned to the 
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symmetrical stretching vibration ѵ1 [PO4]3- units from the milled amorphous Li3PO4, which 

confirms our assignment in MAS NMR spectra. The peak broadening and shift may arise from 

the amorphization process of β-Li3PO4 by mechanical milling (184, 185). No obvious vibrations 

of [PO4]3- are detected for the sample with x = 10 due to the limited amount of Li3PO4. 

Furthermore, the large difference in Raman scattering cross-sections between O and S 

hampers the analysis of [PO4]3- units. As expected, the peak intensity of ѵ1 in [PO4]3- for β-

Li3PO4 increases when more β-Li3PO4 is added to the mixtures (100-x)Li3PS4-xLi3PO4. The 

results of Raman spectroscopy again prove the formation of (100-x)Li3PS4-xLi3PO4 from the 

starting materials of β-Li3PS4 and β-Li3PO4. 

 

Figure 4.4: 31P MAS NMR spectra (a) and Raman spectra (b) of starting materials of β-Li3PO4 

and β-Li3PS4, and the evolution of heterogeneous oxysulfides (100-x)Li3PS4-xLi3PO4 (10 ≤ x ≤ 

40). 
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4.3.2 Chemical analysis  

XPS measurements were carried out on Li3PO4, Li3PS4, and the heterogeneous oxysulfides to 

obtain chemical information about the surface regions. Figure 4.5 (a) shows the XPS wide-scan 

surveys of both starting materials and the milled oxysulfide mixtures. All S-containing spectra 

are normalized with respect to the intensity of S 2p and all the characteristic peaks are marked 

with light blue or red bars. As expected, photoelectrons of Li 1s, P 2p, P 2s, and O 1s with 

binding energies at around 55 eV, 132 eV, 189 eV, and 530 eV, respectively, are detected in all 

of our samples. S 2p and S 2s peaks at binding energies of 162 eV and 226 eV, respectively, are 

found in pure Li3PS4 and all (100-x)Li3PS4-xLi3PO4 powders. The O 1s signal at a binding energy 

of about 530 eV in the sample of Li3PS4 originates from organic contaminations on the surface. 

While for the other Li3PO4-containing samples, the O 1s photoelectrons arise from both the 

oxygen in Li3PO4 and organic contaminations. The C 1s peak at a binding energy around 285 

eV was observed in all powders resulting from the carbonaceous contamination. Since the 

contents of oxygen and carbon contaminations vary from sample to sample, a direct 

quantitative comparison by peak intensity is not possible from these survey spectra.  

In order to quantify the Li3PO4, high-resolution P 2p spectra (marked in red in Figure 4.5 (a)) 

were collected from starting materials and all heterogeneous mixtures, as can be seen in 

Figure 4.5 (b). P 2p XPS spectra of both Li3PS4 and Li3PO4 are fitted with a single doublet at a 

binding energy of the main peak (P 2p3/2) of 132.3 eV and 133.3 eV assigned to [PS4]3- and 

[PO4]3-, respectively (186–188). This suggests that only the pure oxide and sulfide environment 

exists around P in the starting materials Li3PO4 and Li3PS4, respectively. P 2p spectra of the 

heterogeneous oxysulfides (100-x)Li3PS4-xLi3PO4 are deconvoluted into two doublets: [PO4]3- 

at higher binding energy (filled in orange) and [PS4]3- at lower binding energy (filled in green). 

As expected, the peak intensity of [PO4]3- increases with the increasing content of Li3PO4. 

Based on XPS P 2p spectra, molar fractions of [PO4]3- for all milled mixtures are calculated and 

presented in Figure 4.6. The values of the molar fractions are very close to the desired values 

except for the sample with x = 10. The excess [PO4]3- in this sample may arise from surface 

oxidation. 
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Figure 4.5: XPS survey spectra (a) and high-resolution P 2p spectra (b) of starting materials of 

Li3PO4, Li3PS4, and heterogeneous mixtures (100-x)Li3PS4-xLi3PO4 (10 ≤ x ≤ 40) after mechanical 

milling. 

 

Figure 4.6: Molar fractions of [PO4]3- (in orange) and [PS4]3- (in green) for Li3PO4, Li3PS4, and 

(100-x)Li3PS4-xLi3PO4 based on XPS P 2p spectra. 
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Figure 4.7 (a) and (b) show SEM and EDX results of samples with x = 15 and x = 20 to gather 

morphological information and identify the elemental distribution. SEM images show that 

particles in both heterogeneous samples share a size range of 1-5 μm. In P and S EDX mappings, 

both elements are homogeneously distributed and most particle boundaries are not visible in 

P and S due to their strong signals. Oxygen is found to be homogeneously doped in both 

samples and the clear boundaries suggest that O is the minor doping element in both mixtures. 

 

Figure 4.7: SEM images and EDX mappings for x = 15 (a) and x = 20 (b) for (100-x)Li3PS4-xLi3PO4. 

4.3.3 Ionic conductivity and stability vs. Li metal 

The exemplary time-resolved EIS spectra in the frequency range of 1 MHz - 500 mHz were 

collected from symmetric Li/(100-x)Li3PS4-xLi3PO4/Li cells with x = 20 and 15, respectively, to 

investigate the interface between Li and oxysulfides and its impact on ionic conductivity. 

Figure 4.8 (a) and (b) show the Nyquist plots of both samples with different storage times at 

15 °C. 0 h stands for the spectra collected right after the assembly (less than 1 min). The 

deviation of the data points with a frequency higher than 400 kHz in all spectra may result 

from the experimental setup. Insufficient information in the high-frequency region is a general 

problem for fast ionic conductors. The semicircle in the frequency range of 400 kHz - 500 Hz is 

related to the highly overlapping semicircles for bulk electrolytes and the interface between 

lithium metal and SEs. Therefore, it is hard to resolve interface and bulk contributions by fitting 
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these spectra. The semicircular tail in the low-frequency region (< 500 Hz) can be related to 

the diffusion of Li+ ions (189). 

In Figure 4.8 (a) and (b), both freshly contacted samples exhibit a resistance of around 1200 Ω 

arising from both electrolyte and Li/SE interface. After 2h rest, the resistances increase to 

around 1700 Ω for x = 15 and around 1450 Ω for x = 20. This increase of resistance could be 

assigned to the formation of a interphase due to the decomposition of sulfide electrolyte in 

contact with lithium metal (190, 191). The EIS spectra were recorded after storage for 4 h, 8 

h, and 16 h, respectively, and they are very similar to the spectra obtained after 2 h resting. 

This suggests that a stabilized solid electrolyte interphase (SEI) is formed in both samples 2 h 

after contacting with Li. A lot of experimental and computational literature showed that Li2S 

is formed at the interface when sulfide SEs come in contact with Li metal (191–195). Li2S has 

poor electronic and ionic conductivity and will result in a self-limiting SEI serving as a stable 

interface (196). This could be also the origin of the increased resistance of our Li symmetric 

cells with heterogeneous oxysulfides A similar phenomenon was also found in time-

dependent EIS spectra of milled Li3PS4 (x = 0), see Figure A 2. 

 

Figure 4.8: Evolution of the impedance response of symmetric Li/(100-x)Li3PS4-xLi3PO4/Li cells 

with x = 20 (a) and x = 15 (b) at 15 °C as a function of time. The schematic of the symmetric 

cell setup is shown in the inset. 

EIS measurements in the temperature range of 5-75 °C were carried out to study the kinetic 

behavior of Li+ ions transport. To stabilize the interphase, symmetric (100-x)Li3PS4-xLi3PO4 cells 
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were assembled and then stored overnight in an argon-filled glovebox. Figure 4.9 (a) shows 

the Nyquist plots of samples with x = 20, x = 15, and x = 0 (milled Li3PS4) in the frequency range 

of 1 MHz - 500 mHz at RT. The intercept on the x-axis (real part) at the end of the semicircle 

(at about 500 Hz) is the sum of electrolyte resistance and Li/SE interface resistance. In this way, 

the RT resistances of heterogeneous oxysulfides x = 20 and x = 15 share a close value of about 

900 Ω, which is lower than that of glass thiophosphate Li3PS4 of 1150 Ω. Based on Equation 

3.12, the RT ionic conductivities of symmetric cells with heterogeneous oxysulfides of x = 20 

and 15 are 1.6 x 10-4 S/cm. This value is higher than that of milled amorphous Li3PS4 (x = 0) 

with 1.2 x 10-4 S/cm. In other words, the RT ionic conductivity of milled Li3PS4 is enhanced by 

heterogeneous doping with 15 or 20 mol % of Li3PO4. It is noteworthy that both interface and 

bulk resistances are counted for the calculation of ionic conductivity. The RT ionic 

conductivities in our symmetric cells are comparable to the reported values of oxysulfides 

based on bulk electrolyte resistance in previous papers.137–151 The Nyquist plots in the 

temperature range from 5 °C to 75 °C for x = 20 and x = 15 are presented in Figure A 3 and 

Figure A 4, respectively. 

 

Figure 4.9: (a) Nyquist plots of symmetric Li/(100-x)Li3PS4-xLi3PO4/Li cells (x = 20, x = 15, and 

0) at RT; inset shows the symmetric cell setup; (b) Temperature dependence of ionic 

conductivities for (100-x)Li3PS4-xLi3PO4 (0 ≤ x ≤ 40) after mechanical milling in symmetric cells 

from 5 °C to 75 °C. 
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The temperature dependence of ionic conductivities on the heterogeneous composites 

(100-x)Li3PS4-xLi3PO4 (0 ≤ x ≤ 40) in Li symmetric cells is shown in Figure 4.9 (b). The 

conductivities of all samples, derived from the resistances of both bulk electrolyte and 

interface, obey the Arrhenius equation (see Equation 2.16). The samples with x = 20 and x = 

15 exhibit higher conductivity than the pure milled Li3PS4, while the other oxysulfides with x = 

40, 30, and 10 have lower conductivities. The activation energies of all oxysulfides are 

calculated from the slope of the lines based on Equation 2.17, as summarized in Table 4.1. The 

lowest activation energy is observed for x = 15 and 20 with around 0.39 eV corresponding to 

the highest conductivity. All the other oxysulfide glass-ceramics exhibit activation energies 

higher than the 0.42 eV of mechanically milled Li3PS4. These activation energies concerning 

both bulk conductivity and interface conductivity are comparable to the pure bulk conductivity 

values of reported Li3PO4 doped heterogeneous oxysulfides (148, 149). One possible reason 

for the enhancement of ionic conductivity for heterogeneous oxysulfides with x = 20 and x = 

15 is the space charge effect, leading to the redistribution of charge carriers and defect 

formation at the heterointerface between Li3PO4 and Li3PS4 particles (33, 145, 147, 203–205). 

Furthermore, the substitution of a sulfur atom by an oxygen atom forming [PS3O]3-, [PS2O2]3-, 

and [PSO3]3- units observed in 31P MAS NMR could be another origin for this enhancement (99, 

200). On the other hand, the non-bridging oxygen atoms in [PO4]3- are the strong trap of Li+ 

ions impeding the ionic conduction (blocking effect) (153, 200, 204–207). Consequently, the 

highest conductivity and lowest activation energy are observed at substitution amounts of 15 

and 20 mol % Li3PO4. 

Table 4.1: Activation energies of (100-x)Li3PS4-xLi3PO4 in symmetric Li cells for ionic conduction. 

x (mol %) 40 30 20 15 10 0 

Ea (eV)* 0.46 0.45 0.40 0.39 0.47 0.42 

*The Error of activation energy is less than 0.01 eV for all samples. 

The long-term compatibility with lithium metal and ionic conductivity of heterogeneous 

oxysulfides were further investigated by voltage profiles of symmetric Li/(100-x)Li3PS4-

xLi3PO4/Li (x = 20, 15, and 0) cells at a current density of 100 μA/cm2, as presented in Figure 

4.10. The positive and negative voltage corresponds to Li stripping and Li plating, respectively. 

During the first several hours, the potentials of all three samples are decreasing until they 

reach their constant currents. In this period, a “wetting reaction” occurred at the fresh 
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interface between electrolyte and lithium by Li stripping and plating to form stable SEI and 

good physical contact. Galvanostatic plating-stripping cycles are stable in the following 100 h 

with constant voltage plateaus for all three samples which demonstrates the formation of a 

stable interface and its long-term electrochemical stability against lithium metal.  

 

Figure 4.10: Voltage-time profiles of the Li symmetric cells Li/(100-x)Li3PS4-xLi3PO4/Li (x = 20, 

15, and 0) at a current density of 100 μA/cm2 with 1 h time interval at RT. 

The direct-current (DC) conductivities of the symmetric cells could be calculated by the 

combination of Equation 3.12 and Ohm’s law: 

  σ = ld/UA Equation 4.1 

where σ (S/cm) refers to the conductivity, I (A) refers to the current, d (cm) refers to the 

thickness of the electrolyte pellet, R (Ω) refers to the impedance, and A (cm2) refers to the 

cross-sectional area of the electrolyte pellet. DC ionic conductivities based on the voltage 

plateaus before the ‘wetting reaction’ for symmetric cells with glass-ceramics with x = 20 and 

x = 15 are similar with 1.4 x 10-4 S/cm and higher than that of glass Li3PS4 with 1.1 x 10-4 S/cm. 

These values are close to the corresponding alternating current (AC) conductivities obtained 

from impedance spectra at RT, indicating that the electrical contribution could be neglected. 

After several cycles of Li stripping and plating, the direct current (DC) conductivities improved 

to 2.4 x 10-3 S/cm and 9.5 x 10-4 S/cm for x = 20 and x =15, respectively, still higher than the 

DC conductivity of amorphous Li3PS4 with 5.1 x 10-4 S/cm. This large enhancement of ionic 

conductivity can be attributed to the highly conducting SEI and a more favorable physical 

contact formed after several cycles of Li plating and stripping. It is noted that the ionic 
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conductivities of both symmetric cells with oxysulfide glass-ceramics are enhanced by 

heterogeneous doping of Li3PO4 compared with pure glass Li3PS4, which agrees with the results 

obtained by EIS spectra.  

4.3.4 Electrochemical performance 

 

Figure 4.11: CV curves for the symmetric Li/(100-x)Li3PS4-xLi3PO4/Li cells (x = 20, x = 15, and x 

= 0) in the potential range from -0.5 V to 10 V (vs. Li/Li+) at a scanning rate of 5mV/s at the first 

cycle (a) and the second cycle insetted with enlarged CV curves at the high voltage part (b). 

Cyclic voltammetry (CV) was carried out on the symmetric Li/(100-x)Li3PS4-xLi3PO4/Li cells (x = 

0, x = 0.15, and 0.20) to investigate the electrochemical stability window of our glass-ceramic 

oxysulfides. At the first CV cycle, as displayed in Figure 4.11 (a), a cathodic current peak at 

around -0.5 V (vs. Li/Li+) refers to the deposition reaction of metallic lithium, and the other 

anodic current peak at around 0.5 V (vs. Li/Li+) results from the dissolution reaction of metallic 

lithium (53). No additional peaks are observed in the voltage range from -0.5 V to 10 V (vs. 

Li/Li+) for all three cells. Figure 4.11 (b) represents the CV curves of the second cycle for all 

three samples. Two dominant peaks for lithium deposition and dissolution are identical to 

those in the first cycle. Still, at high voltages over 4 V (vs. Li/Li+), the CV curve for the sample x 

= 0 is strongly fluctuating suggesting the instability of the interface due to side reactions. No 

obvious additional peak is found for the symmetric cells with compositions of x = 15 and x = 

20, which means both electrolytes have a wide electrochemical window. This indicates that 

the introduction of Li3PO4 improves the electrochemical stability of the heterogeneous 

oxysulfides against lithium metal. Wang et al. suggest that the enhancement of 
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electrochemical stability by doping with oxygen results from the stronger bonding strength 

between the oxygen and Li than that of sulfur and Li which in turn can modify the energy 

landscape for Li diffusion (208, 209). According to the peak strength in the CV curves, we can 

again confirm that both samples, x = 20 and x = 15, exhibit higher ionic conductivity than pure 

Li3PS4. 

All-solid-state batteries (ASSBs) Li-In/(100-x)Li3PS4-xLi3PO4/LiCoO2 were assembled with 

heterogeneous oxysulfides with the compositions of x = 20, x = 15, and x = 0 (pure Li3PS4) to 

study their electrochemical performance. The scheme of the ASSB is presented as an inset in 

Figure 4.12 (b). Figure 4.12 (a) shows the first (dark color) and tenth (light color) charge-

discharge curves for the ASSBs with three different electrolytes with x = 20, 15, and 0. The 

initial charge capacities of the cells with x = 20 and x =15 are 224 mAh/g and 216 mAh/g, 

respectively, and correspondingly the first discharge capacities are 165 mAh/g and 160 mAh/g. 

Both heterogeneously doped glass-ceramics exhibit higher charge and discharge capacities 

than pure Li3PS4 of 215 mAh/g and 154 mAh/g, respectively. At the tenth cycle, cells with 

oxysulfides with x = 20 and x = 15 share similar charge and discharge capacities of around 115 

mAh/g and 113 mAh/g, respectively, while those of pure Li3PS4 are at 105 mAh/g 102 mAh/g, 

respectively. The enlarged capacity difference between the cells with oxysulfide electrolytes 

and pure Li3PS4 without oxygen dopant reveals increased cycling stability by partial 

substitution of Li3PS4 with Li3PO4. A clearer tendency can be seen from the long-term cycling 

performance of Li-In/(100-x)Li3PS4-xLi3PO4/LiCoO2 (x = 20, x = 15, and x = 0) in Figure 4.12 (b). 

During the whole galvanostatic cycling, ASSBs with oxysulfide electrolytes with x = 20 and x = 

15 have a similar discharge capacity which is higher than the cell with pure Li3PS4. After 60 

charge and discharge cycles, cells with x = 20 and x = 15 show a discharge capacity of around 

80 mAh/g, while 69 mAh/g is obtained for the cell without oxygen dopant. The Coulombic 

efficiency of the first cycle for these three cells with x = 20, x = 15, x = 0 are 76 %, 71 %, and 

71 %, respectively. After several charge-discharge cycles, these values increase to 99 %, 99 %, 

and 97 %, and are maintained up to the 60th cycle. These results suggest that the 

heterogeneous addition of Li3PO4 to some extend improves the cycling performance of pure 

Li3PS4 in ASSB.  
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However, there is still a large capacity loss for all cells at the initial cycles, which is a common 

phenomenon in many studies of sulfide SEs (210–213). One possible reason for this rapid 

decrease of capacity is the undesired side reactions between the sulfide SE and oxide positive 

electrode LiCoO2 forming an unstable interface with increased interfacial resistance (192, 214). 

It has been reported that cobalt and lithium phosphates, sulfates, and sulfides are formed at 

the interface when the sulfide electrolytes are in contact with delithiated LiCoO2, and some of 

these compounds are electronically conductive leading to the continuous growth of the SEI 

(192, 215, 216). Another possible reason is the contact loss due to the depletion of lithium in 

the sulfide electrolyte near LiCoO2 during delithiation (217–219). Furthermore, the diffusion 

of Co into sulfide electrolyte could also lead to large interfacial resistance and capacity 

decrease (220, 221).  

 

Figure 4.12: (a) Charge-discharge curves of the ASSBs Li-In/(100-x)Li3PS4-xLi3PO4/LiCoO2 (x = 

20, x = 15, and x = 0) in the 1st (dark color) and 10th (light color) cycle at RT; (b) galvanostatic 

cycling performances of the ASSBs Li-In/(100-x)Li3PS4-xLi3PO4/LiCoO2 (x = 20, x = 15, and x = 0) 

at a rate of C/10 at 25 °C. The schematic of ASSB is displayed in the inset.  

To investigate the origin of the capacity loss, EIS measurements were performed on ASSBs 

with SE of x = 20, x = 15, and x = 0 after long-term cycling (more than 60 cycles). The data were 

collected in the frequency range of 1 MHz - 10 mHz at 15 °C as shown in Figure 4.13 (a). The 

small semicircle in the high-frequency region is ascribed to the bulk resistance of SE and 

interfacial resistance of Li-In/SE, while the depressed semicircle in the low-frequency region 

corresponds to the overlap of charge transfer resistance and interfacial resistance of 

SE/LiCoO2 (147, 222, 223). According to the intercept on the x-axis in the medium-frequency 
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range, the sums of bulk resistance of SE and interfacial resistance of Li-In/SE for the ASSBs with 

x = 20, x = 15, and x = 0 after long cycling are around 1750 Ω, 1550 Ω, and 2700 Ω, respectively. 

Surprisingly, these values are close to those for corresponding Li symmetric cells with 1700 Ω, 

1450 Ω, and 2520 Ω. This indicates that the interphase between Li-In and our SE in ASSBs is 

extremely stable after over 60 cycles. Additionally, the resistance originating from the positive 

electrode (interface resistance and charge transfer resistance) in the high-frequency region is 

7-8 times higher than the sum of SE resistance and Li-In/SE resistance in the low-frequency 

region. Hence, we may confirm that the capacity loss of the ASSBs mainly results from the 

huge resistance caused by the SE/LiCoO2 interface. Comparing the impedance spectra of ASSBs 

with heterogeneous oxysulfide electrolytes with x = 20 and x = 15 to that of pure sulfide glass 

Li3PS4, the former ones have smaller semicircles in both high-frequency and low-frequency 

regions than the latter one after long-term cycling. This again proves the enhancement of 

electrochemical performance by introducing Li3PO4 dopant into the Li3PS4 electrolyte. 

 

Figure 4.13: (a) EIS spectra of ASSBs with Li-In/(100-x)Li3PS4-xLi3PO4/LiCoO2 (x = 20, x = 15, and 

x = 0) after long-term cycling with an inset of the schematic of the cells; (b) Rate capabilities 

of Li-In/(100-x)Li3PS4-xLi3PO4/LiCoO2 (x = 20, x = 15, and x = 0) after charging and discharging 

at different C-rates (C/20, C/10, C/5, C/2, and again with C/20 in the end), each for 5 cycles. 

Figure 4.13 (b) shows the discharge capacities and Coulombic efficiencies of ASSBs with 

oxysulfide electrolytes with x = 20, x = 15, and x = 0 at different cycling rates. Full cells with x 

=20 and x = 15 have higher discharge capacity and Coulombic efficiency than pure Li3PS4 at all 

current densities other than at C/2, demonstrating the improvement of rate performance by 
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oxygen dopant. Moreover, these enhancements of discharge capacity and Coulombic 

efficiency increase with increasing current density. The full cell with x = 20 exhibits the best 

rate performance with discharge capacities of 140, 88, 47, 3, and 104 mAh/g at C/20, C/10, 

C/5, C/2, and again with C/20, respectively. For all three cells, the capacity goes down with 

increasing current density, and only a very limited capacity was obtained at C/2 suggesting 

that all of them cannot be qualified for the request of fast charge and discharge. Values close 

to the initial capacities are again obtained when cycled with C/20 in the end. It is noted for all 

three cells that a smaller C rate leads to a stronger capacity fade. This happens as a small C 

rate relates to longer charge-discharge providing more time for the continuous growth of SEI 

at the SE/LiCoO2 interface and therefore increasing interfacial resistance.  

4.4  Conclusions  

In this work, heterogeneous oxysulfides (100-x)Li3PS4-xLi3PO4 (10 ≤ x ≤ 40) were synthesized 

by two-step mechanical milling. The starting material of crystalline Li3PS4 was prepared by the 

first-step ball milling of Li2S and P2S5 followed by calcination, as proved by the XRD patterns. 

Li3PO4 was synthesized by co-precipitation method and mixed with crystalline Li3PS4 by the 

second-step mechanical milling to obtain heterogeneous oxysulfides (100-x)Li3PS4-xLi3PO4. 

The desired compositions of the heterogeneous oxysulfides were confirmed by XPS. XRD 

patterns of all oxysulfide mixtures show mixed diffractions from both starting materials of 

Li3PS4 and Li3PO4, indicating the formation of mixed heterogeneous composites, in good 

agreement with the results of Raman spectroscopy and 31P MAS NMR. Temperature-

dependent ionic conductivity shows that symmetric cells Li/(100-x)Li3PS4-xLi3PO4/Li with 

compositions of x = 15 and x = 20 exhibit higher conductivity and lower activation energy than 

the pure milled Li3PS4, which is again proved by CV and galvanostatic cycling of Li symmetric 

cells. The space charge effect at the heterointerface of Li3PO4 and Li3PS4 is deemed to be one 

possible reason for this enhancement. Furthermore, oxysulfide units [PS3O]3-, [PS2O2]3-, and 

[PSO3]3- in the heterogeneous mixtures, which were found by 31P MAS NMR, could be another 

possible origin for this enhancement. The conductivity of heterogeneous oxysulfides 

decreases when more poorly conductive Li3PO4 was added to the mixture, due to the 

increasing blocking effect. According to AC impedance data, RT conductivities of Li/80Li3PS4-

20Li3PO4/Li and Li/85Li3PS4-15Li3PO4/Li concerning both interface resistance and SE bulk 
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resistance share a similar value of 1.6 x 10-4 S/cm. Interestingly, higher RT DC conductivities of 

2.4 x 10-3 S/cm and 9.5 x 10-4 S/cm were obtained for these two Li symmetric cells with x = 20 

and x = 15 respectively,  after stabilization in the initial galvanostatic cycles. These values are 

higher than most Li3PO4 doped sulfides stated in the literature, although both bulk and 

interface resistance are inclusive. The contribution of electrical conduction could be negligible 

since the AC conductivities of both mixtures are similar to the DC conductivities before the 

stabilization. High interface stability between Li and the heterogeneous oxysulfides was 

confirmed by time-resolved EIS and Li plating and stripping measurements. Remarkably, the 

resistances of bulk SE and Li-In/SE interface stay almost the same after long-term cycling, 

which again proves the excellent stability of heterogeneous oxysulfides with x = 20 and x = 15 

against Li. Furthermore, side reactions were observed at the second CV cycle of Li/Li3PS4/Li. 

These side reactions are not present in x = 20 and x = 15 revealing enhanced electrochemical 

stability by heterogeneous Li3PO4 dopant. The cycling stability and rate capability of 

Li-In/(100-x)Li3PS4-xLi3PO4/LiCoO2 full cells with oxysulfides x = 20 and x = 15 were also 

improved compared with pure Li3PS4. However, the capacity loss during the initial charge-

discharge cycles is still not eliminated by reason of the huge resistance at the interface 

between SE and LiCoO2 after cycling. This issue should be addressed in future studies. 
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5 Thin-Film Solid Electrolyte LiON-Al2O3 

This chapter focuses on the heterogeneous multilayer LiON-Al2O3 SE thin films. The motivation 

of the investigation of heterostructured LiON-Al2O3 ALD films is introduced in section 5.1. 

Section 5.2 describes the synthesis of LiON-Al2O3 ALD films, corresponding characterization 

techniques, and the set-up for impedance spectroscopy. Surface and in-depth information, 

and the ionic conductivity of the multilayered LiON-Al2O3 films are presented in section 5.3. 

Section 5.4 gives a conclusion of the results in this chapter.  

5.1 Introduction 

To power the increasing number of microdevices, the development of a miniaturized energy 

storage system is more and more urgent. Three-dimensional (3D) batteries with high energy 

density per footprint area have received great attention for their promising application in 

microdevices (23, 224). Deposition of a conformal thin-film SE over a complex 3D structure is 

one of the key challenges to build a 3D battery. Owing to its cyclic and self-saturating nature, 

atomic layer deposition (ALD) has the capability to grow conformal and pinhole-free thin films 

with adjustable composition and controllable thickness on the nanoscale (26, 225, 226). These 

features make ALD one of the most promising techniques to fabricate 3D batteries. Moreover, 

ALD thin films are widely employed as electrode coatings to improve the ionic conductivity 

and stability (227, 228).  

Since the first deposition of Li-containing ALD films using five different precursors by Putkonen 

et al. in 2009, various ALDs films were synthesized as thin-film SEs (229, 230). In order to 

improve the ionic conductivity of the Al2O3 ALD protecting layer, binary films of lithium 

aluminum oxide (LixAlyOz) were prepared by introducing a Li-rich sublayer (30, 130, 231–233). 

Aaltonen et al. prepared the first LixAlyOz ALD films using trimethylaluminum (TMA) and ozone 

(O3) as precursors for the Al2O3 sublayer and lithium tert-butoxide (LiOtBu) and H2O as 

precursors for the Li2O sublayer (30). This Li2O sublayer was later reported to be LiOH by Kozen 

et al. (234). The Li+ ionic conductivity of their LixAlyOz films obtained by extrapolation was 3x10-

1 S/cm at 500 °C, 9x10-4 S/cm at 400 °C, and 1x10-7 S/cm at 300 °C. In 2014, Park et al. 

synthesized LixAlyOz films using LiOtBu-H2O for the LiOH sublayer and TMA-H2O instead of O3 
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for the Al2O3 sublayer (233). These ALD films with an extrapolated RT conductivity of 1x10-7 

S/cm served as a barrier layer between LiNi0.5Mn1.5O4 and graphite electrodes to improve the 

electrochemical stability of LIBs. Hu et al. performed both in-plane and cross-plane impedance 

measurements on amorphous LixAlyOz films, in which TMA-O3 and lithium trimethyl silanolate 

(LiTMSO)-H2O were used as precursors for Al-rich sublayers and Li-rich sublayers, respectively 

(232). The RT Li+ conductivity of their LixAlyOz films was in the order of 10-10 S/cm with an 

activation energy of ca. 0.8 eV. 

The multilayered system with a heterostructure was proved to be able to significantly improve 

the ionic conductivity of a solid electrolyte (34, 35). The ionic conductivity could be further 

enhanced by decreasing the thickness of the sublayer in the scale of the Debye length (λD) (32, 

235, 236). In this case, space charge regions are overlapping and can provide more charge 

carriers for ionic conduction. However, none of the LixAlyOz ALD films mentioned above show 

a layer-by-layer heterostructure for the enhancement of conductivity. Hence, we synthesized 

multilayered heterostructures based on LixAlyOz with the thickness of each sublayer in the 

range of several nanometers with overlapping space charge regions. It is reported that the 

ionic conductivity of lithium phosphate oxynitride (LiPON) thin films could be improved by 

partial substitution of oxygen with nitrogen (237–239). With this in mind, radiofrequency N2 

plasma followed by purging of NH3 was employed to dope nitrogen into the Li-rich sublayer in 

this work. As a result, we prepared novel heterogeneous lithium aluminum oxynitride (LiON-

Al2O3) multilayered thin films by alternating deposition of lithium oxynitride (LiON) sublayer 

and Al2O3 sublayer via ALD. The surface and in-depth properties of these heterostructured thin 

films were investigated by various techniques. The Li+ ionic conductivity of the ALD films with 

various thicknesses of sublayers was measured by in-plane impedance spectroscopy at 

different temperatures to investigate the transport mechanism of Li+ ions in heterostructured 

nanolayers and the influence of the thickness of sublayers. 

5.2 Experimental 

5.2.1 Synthesis 

The samples were prepared by Dr. Andy Fiedler in the group of Prof. Xiang Yang Kong in the 

Institute of Materials for Mobile Energy, Shanghai Jiao Tong University, China. 
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All films were deposited on SiO2/Si substrates (300 nm SiO2 on Si) at 200 °C using a Beneq TFS 

200 apparatus. Before the deposition, all SiO2/Si substrates were washed with 99.9 % ethanol 

and dried with nitrogen gas. TMA (Sigma Aldrich, 98 %) and deionized H2O were stored at RT 

and alternatively introduced to the chamber to synthesize the Al2O3 layer. The LiON layer was 

grown through subsequent exposure of LiOtBu (Sigma Aldrich, 99.9 %), N2-fed (99.999 %) 

plasma with a power of 100 W, and NH3 (5 % in argon) as the last step. The LiOtBu precursor 

was maintained at 155 °C because of its solid nature at RT. Nitrogen (99.999 % N2) was 

employed as a purging gas after every ALD process. Pure 600LiON film and pure 200 Al2O3 film 

were prepared using 600 ALD cycles of LiOtBu-N2 plasma-NH3 and 200 ALD cycles of TMA-H2O, 

respectively. Multilayered LiON-Al2O3 heterostructures were synthesized by combining 

individual sublayers of Al2O3 and LiON with different ALD cycles to control the thickness of 

each sublayer. All ALD films are listed in Table 5.1. All multilayers in Table 5.1 are labeled as 

(aLiON-bAl2O3)xc, where three numbers of a, b, and c refer to the number of ALD cycles for 

the LiON sublayer (a), the number of ALD cycles for the Al2O3 sublayer (b), and the number of 

bilayer repetitions (c).  

Table 5.1: Sample list of ALD thin films. 

Sample 

Number 
of LiON 
subcycle 

per 
sublayer 

Thickness 
of LiON 

sublayer 
(nm)* 

Number 
of Al2O3 
subcycle 

per 
sublayer 

Thickness 
of Al2O3 
sublayer 

(nm)* 

Number of 
repetitions 

of both 
sublayers 

Total 
thickness 

of the 
sample 
(nm)* 

200Al2O3 0 0 200 20 0 20 

600LiON 600 48 0 0 0 48 

(20LiON-20Al2O3)x10 20 1.6 20 2 10 36 

(20LiON-20Al2O3)x20 20 1.6 20 2 20 72 

(40LiON-05Al2O3)x20 40 3.2 05 0.5 20 72 

(40LiON-10Al2O3)x20 40 3.2 10 1 20 84 

(40LiON-20Al2O3)x20 40 3.2 20 2 20 104 

(20LiON-10Al2O3)x30 20 1.6 10 1 30 78 

(40LiON-10Al2O3)x15 40 3.2 10 1 15 63 

(50LiON-10Al2O3)x12 50 4 10 1 12 60 

(75LiON-10Al2O3)x08 75 6 10 1 8 56 

*Thicknesses of all sublayers and films were calculated from the number of subcycles with 

respect to the deposition rate of LiON (0.8 Å/cycle) and Al2O3 (1 Å/cycle), as determined from 

TEM results. 
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5.2.2 Film characterization 

The surface roughness of the ALD films was characterized by a ContourGT-K scanning white 

light interferometer (Bruker, Germany) with a maximum vertical resolution of 0.1 nm. The 

morphology and elemental distribution were analyzed using a Zeiss Merlin scanning-electron 

microscope (ZEISS SMT AG, Germany) equipped with a 60 mm2 XFlash EDX detector (Bruker, 

Germany). A grazing incidence X-ray diffractometer (GIXRD) equipped with a Cu anode tube 

(Rigaku SmartLab, Japan) was used to characterize the structure of our thin film with an 

incident angle of 2°. The scan step was 0.04° for every 40 s in the 2θ range of 15-80°.  

40 ALD cycles of Al2O3 film followed by a carbon film was first deposited on the (20LiON-

20Al2O3)x10 film to protect it from the damage of the focused ion beam (FIB). The cross-section 

of the specimen was then prepared using a Helios G4 FIB system (Thermo Fisher Scientific, 

USA) including the low-pressure polishing process at 5 keV and 2 keV. High-resolution TEM 

measurement was conducted on this cross-sectional sample using JEM-2100F microscopy 

(JEOL, Japan) operated at 200 kV. This high-resolution TEM was perfomed by Dr. Wangqiong 

Xu  in the group of Prof. Rong Huang in the Key Laboratory of Polar Materials and Devices 

(MOE), East China Normal University, China; 

7Li and 27Al MAS NMR spectroscopy was performed with an Avance 500 MHz spectrometer 

(Bruker, Germany) at a magnetic field of 11.7 T, corresponding to resonance frequencies of 

194.4 MHz (7Li) and 130.3 MHz (27Al). Powder samples were obtained by grinding the Si wavers 

with deposited films in an argon-filled glovebox (O2, H2O < 0.1 ppm). Spinning was performed 

in 2.5 mm rotors at 30 kHz. Spectra were acquired with a rotor-synchronized Hahn-echo pulse 

sequence. The chemical shifts of 7Li and 27Al were referenced to aqueous solutions of 1M LiCl 

and 1M Al(NO3)3, respectively.  

ToF-SIMS measurements were performed with a TOF.SIMS5 instrument (ION-TOF GmbH, 

Germany) equipped with a Bi cluster primary ion source and a nonlinear type time-of-flight 

analyzer. UHV base pressure was < 5 × 10−9 mbar. For depth profiling a dual-beam analysis was 

performed in noninterlaced mode: the primary ion source (25 keV Bi+) with a reduced pulse of 

1 ns was scanned over an area of 200 × 200 µm2 and the sputter gun for etching was operated 

with Ar clusters (Ar1500
+) at 20 keV scanned over a concentric field of 400 × 400 µm2 (target 
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current 15.5 nA). A shallow wedge-shaped crater was made to resolve the topmost sublayers 

of the multilayered film. The wedge-shaped crater was eroded by applying an increasing ion 

fluence along a certain direction using a 2 keV Cs+ ion beam rastered in dc mode over a 400 

μm x 200 μm area. The dwell time was restricted to 2 ms during each pass. The normal crater 

was etched by an Ar cluster of 2.5 keV or 20 keV with a dwell time of 0.1 ms. The information 

of all craters was obtained by taking a ToF-SIMS image of the resulting crater region with a 

500 μm x 500 μm field of view and a resolution of 256 x 256 pixels.  

A (20LiON-20Al2O3)x20 film or a (75LiON-10Al2O3)x08 film was chosen as examples to perform 

the above-mentioned measurements. XPS measurements were conducted on all ALD films by 

a K-Alpha or a K-Alpha+ instrument (Thermo Fisher Scientific, UK) using a micro-focused, 

monochromated Al Kα X-ray source with 400 μm spot size. High current monoatomic Ar+ ions 

with 1 keV energy at a scan size of 2 mm x 1mm were utilized for XPS sputter depth profiling. 

Charge compensation was utilized to minimize the buildup of local electrical charge during the 

measurement.  All spectra were referenced to the carbonaceous C 1s peak (C–C/C–H) at 285.0 

eV binding energy on the top surface since no distinct energy shift was caused by sputtering. 

Details about data acquisition and analysis are explained in section 4.2.2. Angle-resolved XPS 

(ARXPS) measurements were performed in a modified Vacuum Generators ESCALAB Xi+ 

(Thermo Scientific, UK) using a monochromated Al Kα X-ray source with an energy of 1486.6 

eV and a spot size of 650 μm. The sample was rotated from 0° to 70° in a 10° increment. Charge 

compensation was utilized to minimize the buildup of local electrical charge during the 

measurement.  

5.2.3 Impedance spectroscopy characterization 

To ensure good electrical contact of the samples, a gold electrode was evaporated on the 

samples using an S2000 sputter machine (MTI, USA) in an argon-filled glovebox (MBraun, 

Germany). The samples were covered with a mask, see Figure A 5, and the gold evaporation 

was conducted with a current of 12 amperes after evacuating the system with a pressure lower 

than 5 mbar. Figure 5.1 (a) and (b) show an image of the sample after gold evaporation and 

an SEM image of the gold electrode, which suggests that a good gold contact was deposited 

on our ALD film. Impedance measurements were performed with a potentiostat (Solartron, 
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England) in an argon-filled glovebox and the setup for impedance measurements is displayed 

in Figure 5.1 (c). Two probe stations were employed to ensure good electrical contact and a 

heating stage was used to regulate the test temperature. EIS spectra were collected with an 

applied voltage of 200 mV in a frequency range from 1 MHz to 20 mHz in the temperature 

range of 120-180 °C. 

 

Figure 5.1: (a) Image of the sample with gold electrode; (b) SEM images of the gold electrode; 

(c) Setup for in-plane EIS measurements. 

 

Figure 5.2: Schematic model of the setup for in-plane EIS measurements. 

According to the schematic model of the setup for EIS, see Figure 5.2, the ionic conductivity 

can be calculated with the following equation  

σ = L/[R(l∙dfilm)] Equation 5.1 

where L refers to the distance between both electrodes, R refers to the ionic resistance 

obtained from EIS, l refers to the length of the electrode, and dfilm refers to the thickness of 

the film. 
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5.3 Results and discussion 

5.3.1 Structural and chemical analysis 

The morphology was investigated by SEM and WLI to verify the flat and pinhole-free films. 

Figure 5.3 (a) shows the SEM image of the (20LiON-20Al2O3)x20 film with a magnification of 

25000x. No holes can be observed from the image and the surface is extremely flat and 

smooth. Figure 5.3 (b) shows the 2D vertical surface roughness map of the (20LiON-

20Al2O3)x20 film at a resolution of 0.1 nm. The roughness of the (20LiON-20Al2O3)x20 film is 

calculated to be less than 1 nm. Figure 5.3 (c) and (d) correspond to the cross-sectional profiles 

in the x and y-direction, respectively. The height differences between the highest point and 

the lowest point in both profiles are less than 4 nm. Similar SEM and WLI results were also 

obtained from the (75LiON-10Al2O3)x08 film, as displayed in Figure A 6. SEM and WLI results 

of both the (20LiON-20Al2O3)x20 film and (the 75LiON-10Al2O3)x08 film indicate that 

extremely flat, smooth, and pinhole-free multilayered LiON-Al2O3 heterostructures were 

synthesized via ALD. 

 

Figure 5.3: (a) SEM image of the (20LiON-20Al2O3)x20 film; (b) Surface map of the (20LiON-

20Al2O3)x20 film obtained by WLI; Cross-sectional profiles of the x-axis (c) and the y-axis (d), 

as marked in (b). 
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EDX measurements were performed for both the (20LiON-20Al2O3)x20 film and the (75LiON-

10Al2O3)x08 film to investigate the elemental distribution of our ALD films. The SEM image of 

the (20LiON-20Al2O3)x20 film in Figure 5.4 (a) again shows that the ALD film is very flat and 

homogeneous. EDX mappings of C, N, O, Al, Si in Figure 5.4 (a) demonstrate that all the 

elements are homogeneously distributed in the (20LiON-20Al2O3)x20 film. Figure 5.4 (b) is the 

corresponding EDX spectrum. The peaks of C, N, O, Al, Si were detected on the film, whereas 

other elements were not observed in the EDX spectrum. Li can not be detected due to the 

limitation of this technique. The detected Si signal stems from the SiO2/Si substrate since the 

film’s thickness is around 70 nm according to the TEM results in Figure 5.8 while the sampling 

depth of EDX reaches 1-2 μm. In the same way, a certain amount of oxygen also arises from 

the substrate. EDX measurements of the (75LiON-10Al2O3)x08 film in Figure A 7 show similar 

results while having a stronger Si peak compared with the (20LiON-20Al2O3)x20 film. Since the 

(75LiON-10Al2O3)x08 film is thinner than the (20LiON-20Al2O3)x20 film, it contains stronger 

signals from the substrate. Hence, carbon is the only contamination detected by EDX in our 

ALD films, which might originate from the carbonaceous contamination on the surface and 

residual carbon from the precursors after the purge process.  

 

Figure 5.4: (a) SEM image and corresponding EDX mappings (C, N, O, Al, Si) of (20LiON-

20Al2O3)x20 film; (b) EDX spectrum of the (20LiON-20Al2O3)x20 film.  
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Figure 5.5: (a) XPS survey spectra collected on the surface of the 200Al2O3 film, the 600LiON 

film, the (20LiON-20Al2O3)x20 film, and the (75LiON-10Al2O3)x08 film; (b) Enlarged XPS survey 

spectra corresponding to the red area in (a).  

XPS measurements were conducted on the ALD films to obtain the chemical information on 

the surface of the films. Figure 5.5 (a) shows wide-scan survey spectra in the binding energy 

range of 0-1350 eV for a 200Al2O3 film, a 600LiON film, a multilayered (20LiON-20Al2O3)x20 

film, and a multilayered (75LiON-10Al2O3)x08 film. All spectra were normalized with respect 

to the peak intensity of O 1s and all characteristic peaks were marked with light blue bars. To 

resolve the signals at low binding energy, enlarged spectra in the binding energy range of 0-

215 eV are displayed in Figure 5.5 (b). Since the sampling depth of XPS (5-10 nm) is higher than 

the thicknesses of both the LiON sublayer and the Al2O3 sublayer of the (20LiON-20Al2O3)x20 

film and the (75LiON-10Al2O3)x08 film, photoelectrons from both sublayers were detected 

during the measurement.  The survey spectra of all films contain photoelectrons of O 2s at 

around 23 eV, C 1s at around 285 eV, O 1s at around 531 eV, and corresponding Auger 

electrons of O KLL at around 975 eV and C KLL at around 1230 eV. The strong signal of carbon 

originates from surface contamination, which is anticipated for this surface-sensitive 
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technique. As expected, Li 1s at 55 eV is observed in all Li-containing films rather than in the 

200Al2O3 film. By contrast, Al 2p at 74 eV and Al 2s at 119 eV are detected in all Al-containing 

films, not in 600LiON film. A distinct peak at around 400 eV for N 1s can be seen from the 

survey spectra of both films of 600LiON and (75LiON-10Al2O3)x08, while less intensity is 

observed for the (20LiON-20Al2O3)x20 film owing to fewer LiON sublayers. This proves that 

nitrogen was added to the ALD films by N2 plasma and NH3 gas. There is a weak peak at 199 

eV for the (20LiON-20Al2O3)x20 film, which is assigned to Cl 2p and arises from the glovebox 

or sample transportation. Two tiny peaks at 100 eV and 150 eV in the 200Al2O3 film represent 

Si 2p and Si 2s, respectively, which are proved to be the surface contamination in Figure 5.12 

(a). No other peaks were observed from the spectra of all four ALD films, suggesting that the 

desired ALD films were obtained in terms of chemical elements. Furthermore, there are no 

signals from the substrate in all survey spectra, which reveals dense and homogeneous ALD 

films. 

 

Figure 5.6: GIXRD pattern of the (20LiON-20Al2O3)x20 film. 

To characterize the crystallinity of heterostructured ALD films, a GIXRD measurement was 

carried out on the (20LiON-20Al2O3)x20 film with an incident angle of 2°, as shown in Figure 

5.6. Two broad diffractions at around 18° and 55° were observed from the pattern. The former 

corresponds to the reflection of the SiO2 substrate and the latter corresponds to the (311) 

reflection of the Si substrate (240, 241). No other visible reflections can be found in the pattern, 

demonstrating that the (20LiON-20Al2O3)x20 ALD film deposited at 200 °C is amorphous. 
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Figure 5.7: (a) 27Al MAS NMR spectra of the (20LiON-20Al2O3)x20 film and the 200Al2O3 film ; 

(b) 7Li MAS NMR spectrum of the (20LiON-20Al2O3)x20 film. 

27Al and 7Li MAS NMR were carried out on the (20LiON-20Al2O3)x20 film to investigate the 

local structure of our ALD films. 27Al MAS NMR of a pure 200Al2O3 film was also conducted as 

a reference. In Figure 5.7 (a), the 27Al NMR spectra for both samples show predominantly a 

quite broad, symmetric peak at 13.2 ppm with large width of about 8 ppm. The position of this 

peak reveals that the Al ions in these samples are mostly present in octahedral [AlO6] units, 

and tetrahedral units [AlO4], as they are present in, e.g., crystalline γ-Al2O3 or γ-LiAlO2, can be 

excluded (242–244). Furthermore, the large width of these peaks without any substructure 

hints at highly disordered or amorphous films, in agreement with the GIXRD results (245, 246). 

For the 200Al2O3 sample, the presence of structural disorder is also confirmed by the presence 

of a small peak at 42.0 ppm representing a small amount of [AlO5] units. The 7Li NMR spectrum 

of the (20LiON-20Al2O3)x20 film in Figure 5.7 (b) reveals a broad peak centered around 0 ppm 

without substructure, again reflecting large variations in the local environments around the Li 

ions, as it is expected for amorphous materials. 

5.3.2 Depth-dependent structural analysis 

An in-depth analysis of the ALD films was carried out by creating a cross-section for imaging 

(SEM, TEM) or applying a sputter gun for XPS and ToF-SIMS measurements. Figure 5.8 (a) 

shows the cross-sectional SEM image of the (20LiON-20Al2O3)x20 film. The cross-section was 

simply prepared by breaking the sample along the scratch created by a diamond knife. Three 

different layers of the (20LiON-20Al2O3)x20 film, SiO2 substrate, and Si substrate are observed 
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from the top to the bottom of the image. The thickness of the SiO2 substrate is about 300 nm 

as expected and the (20LiON-20Al2O3)x20 is about 100 nm. For the preparation of the cross-

section for high-resolution TEM, 40 ALD cycles of pure Al2O3 followed by the sputtering of a 

carbon film were deposited on the (20LiON-20Al2O3)x10 film to protect the sample. A focused 

ion beam (FIB) was then employed to create the cross-section, on which the TEM bright-field 

measurement was performed, as shown in Figure 5.8 (b). Except for the carbon above and 

dark SiO2 substrate below, the bright regions in the TEM image represent LiON layers and the 

dark regions represent the Al2O3 layers. With this in mind, a relatively flat and clear layer-by-

layer heterostructure is observed, although some damages of bright LiON sublayers caused by 

high energy electrons of TEM are visible (247–251). As expected, 10 bilayers of LiON and Al2O3  

can be counted from this 35 nm multilayered (20LiON-20Al2O3)x10 film. According to the 

thickness and the number of ALD cycles of the Al2O3 protection layer, the deposition rate of 

Al2O3 is determined to be about 1 Å/cycle. With this in mind, the deposition rate of LiON can 

be calculated to be about 0.8 Å/cycle. All the thicknesses in Table 5.1 are calculated based on 

the deposition rates of the LiON sublayer and the Al2O3 sublayer. It is noted that the calculated 

thickness of the (20LiON-20Al2O3)x20 film with 72 nm is lower than 100 nm from the cross-

sectional SEM image. This probably results from the damage of the sample during the 

preparation of the SEM cross-section. 

 

Figure 5.8 (a) Cross-sectional SEM image of the of the (20LiON-20Al2O3)x20 film; (b) Cross-

sectional TEM bright-field image of the (20LiON-20Al2O3)x10 film (bright for LiON layers, dark 

for Al2O3 layers).  

In order to further investigate the layer-by-layer structure of our multilayered film, a 200 x 400 

µm2 wedge-shaped crater with increasing erosion depth was sputtered on the (20LiON-
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20Al2O3)x20 film by 2 keV Cs+ ions, as illustrated in Figure 5.9 (a). This crater provides a laterally 

magnified cross-section of the film’s topmost layers since the small angel wedge increases the 

detected area (252, 253) Figure 5.9 (b) shows the positive ion ToF-SIMS imaging on this wedge 

structure marked with a red line in Figure 5.9 (a). A strong signal of Li+ ions (in red) was 

detected around the crater without sputtering as well as in the crater with weak erosion, 

indicating that the topmost layer is a Li-rich sublayer (1st LiON sublayer). With increasing 

sputtering depth, the first LiON sublayer was removed and the first Al-rich sublayer (1st Al2O3 

sublayer) in green is observed in the upper part of the crater. When the film was even deeper 

eroded, the intensity of Al+ ions decreases while that of Li+ ions increases. This happens 

because both the first LiON sublayer and the first Al2O3 sublayer were removed by relatively 

stronger sputtering and the second LiON sublayer was detected. A small amount of Al+ ions is 

detected in the Li-rich sublayer and vice versa. Possible reasons are the slightly lower thickness 

of each sublayer relative to the sampling depth of ToF-SIMS (approximately 2 nm) and sputter-

induced migration. The yellow part of the picture refers to the boundary of the wedge, which 

contains strong signals from both Li+ and Al+ owing to the nature of the crater walls. The 

topmost three sublayers of the (20LiON-20Al2O3)x20 film were proved to exist in a layer-by-

layer structure. It is not possible to observe more sublayers due to the enhanced mixing of 

elements for extensive sputtering. 

 

Figure 5.9: (a) Schematic cutaway view (A-A) of the wedge-shaped crater of the (20LiON-

20Al2O3)x20 film; (b) Overlaid positive ion ToF-SIMS map of Li+ and Al+ on the wedge-shaped 

crater (green for Al+, red for Li+, yellow for the mixture of Al+ and Li+). 
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Figure 5.10: Positive ion ToF-SIMS mappings of the (75LiON-10Al2O3)x08 film with a crater 

etched by 2.5 keV (a) and 20 keV (b) Ar clusters for 0.1 ms: (i) C2H3
+, (ii) 6Li+, (iii) Al+. 

Another approach to explore the layer-by-layer heterostructure is the use of a weak or short 

sputtering to etch only a single topmost sublayer. The minimum dwell time of 0.1 ms was 

utilized for the weak erosion of the (75LiON-10Al2O3)x08 film. Figure 5.10 (a) shows the 

positive ion ToF-SIMS imaging on the crater sputtered by 2.5 keV Ar+ clusters for 0.1 ms. In 
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Figure 5.10 (a)(i) and(ii), fewer C2H3
+ but more 6Li+ ions were detected in the crater compared 

with the ions around the surface. This means that some of the carbonaceous contamination 

was removed and more signal from the first Li-rich sublayer was found after the weak erosion. 

Since the sampling depth of ToF-SIMS (1-2 nm) is in the same range as the thickness of our 

sublayer (1.8-2 nm), a negligible amount of Al+ appeared on the surface around the crater, and 

very little Al+ was detected in the crater either, see Figure 5.10 (a)(iii). These results 

demonstrate that the topmost layer is a Li-rich layer (first LiON sublayer) with some 

carbonaceous contamination on the topmost surface. By contrast, C2H3
+ ions were completely 

removed when the sputter gun was operated at a higher energy of 20 keV was applied for 1 

ms, as displayed in Figure 5.10 (b)(i). Figure 5.10 (b)(ii) shows that Li+ ions were still in the 

crater after the stronger sputtering because the employed high-energy Ar+ clusters lead to the 

migration of Li+ ions which is also proved by the special distribution of Li+ ions around the 

crater. Figure 5.10 (b)(iii) shows that a strong signal of Al+ ions was observed in the crater but 

no Al+ ions were found on the surface around the crater, which again suggests that there is an 

Al-rich layer (first Al2O3 sublayer) under the first Li-rich layer. It can be concluded that the 

topmost bilayer of the first LiON sublayer and the first Al2O3 sublayer below are separated in 

the prepared (75LiON-10Al2O3)x08 film. However, the sputter-induced migration hampers the 

measurement for deeper sublayers.  

Compared to the in-depth analysis by ToF-SIMS, ARXPS is a nondestructive technique without 

migration of ions induced by sputtering. Hence, ARXPS was also performed to probe the layer-

by-layer structure of our multilayered ALD films. It is worth noting that the information depth 

of ARXPS is about 5-10 nm at the tilt angle (ϕ) of 0° and about half of that at 60°. According to 

the deposition rates of LiON (0.8 Å/cycle) and Al2O3 (1 Å/cycle) calculated from the TEM image, 

the thicknesses of the LiON (75 ALD cycles) and the Al2O3 (10 ALD cycles) sublayer of the 

(75LiON-10Al2O3)x08 film are around 6 nm and 1 nm, respectively. Therefore, the (75LiON-

10Al2O3)x08 film with a thicker LiON sublayer was chosen to conduct ARXPS measurement, 

considering the sampling depth of ARXPS after tilting reaches still over 2 nm. Figure 5.11 (a) 

and (b) present high-resolution XPS spectra of Li 1s and Al 2p from 0° to 70° for the (75LiON-

10Al2O3)x08 film, respectively. Photoelectrons from both Li 1s and Al 2p were detected at 0° 

due to the higher sampling depth of ARXPS which is larger than the thickness of the first bilayer 

of the (75LiON-10Al2O3)x08 film (7 nm). When the sample was rotated to a higher tile angle, 
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peak intensities of both Li 1s and Al 2p decreases due to the increase of signals from the 

surface contaminations. At a tilt angle of 60°, the signal of Al 2p fades away but that of Li 1s 

remains, which indicates that there is a pure Li-rich layer without Al on the topmost surface. 

These results again demonstrate that the sublayers of the (75LiON-10Al2O3)x08 film were 

individually deposited (at least the topmost bilayer) instead of a mixture of LiON and Al2O3. 

 

Figure 5.11: ARXPS spectra of the (75LiON-10Al2O3)x08 film in the Li 1s (a) and Al 2p (b) ranges 

collected over ϕ values from 0° to 70°. 

XPS sputter depth profiling was conducted to obtain in-depth chemical information of the ALD 

films. Figure 5.12 (a) presents the XPS depth profile of a pure 200Al2O3 using a 1 keV 

monoatomic Ar+ sputter gun. In accordance with the results of ToF-SIMS images, the 

carbonaceous contamination on the ALD film was removed after the first etching. The Si 

contamination, observed in the survey spectra in Figure 5.5, is also removed after the first 

etching. This indicates that the Si signal originates from the surface contamination instead of 

the substrate revealing the homogeneity of the 200Al2O3 film. In the inner film, the atomic 

concentrations of Al and O stay stable with a ratio of about 2:3, suggesting the formation of a 

pure Al2O3 film. After an etch time of 150 s, the signal of Si appears, and the content of O 

increases while that of Al decreases. This indicates that both the Al2O3 film and the SiO2 were 



69 

 

 

Figure 5.12: (a) XPS sputter depth profile of the 200Al2O3 film; Fitted high-resolution XPS 

spectra of O1s (b), Al 2p (c), and C 1s (d) after 100 s sputtering (blue dashed line and blue 

points in (a)). 

detected at the interface. The signal of Al disappears beyond 400 s and a pure substrate with 

a Si/O ratio of about 1:2 is observed from the concentration profile, in good agreement with 

the theoretical ratio of SiO2. According to the thickness of the Al2O3 film (20 nm) and the etch 

time (400 s), the etching rate of the Al2O3 ALD film using 1 keV monoatomic Ar+ sputter gun is 

0.5 Å/s. Figure 5.12 (b), (c), and (d) are the fitted high-resolution O 1s, Al 2p, and C 1s XPS 

spectra, respectively, derived from the XPS depth profile at an etch time of 100 s. The O 1s 

spectrum was fitted with a single Voigt profile at a binding energy of 531.6 eV. A single doublet 

was used to fit Al 2p spectrum and the binding energy of Al 2p3/2 is around 74.7 eV. The binding 

energies of O 1s and Al 2p3/2 are close to the reported values for Al2O3 ALD film (254, 255). No 
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obvious peak can be observed from C 1s which again indicates no carbon contamination in the 

inner Al2O3 film. 

As another reference for multilayered heterostructures, XPS sputter depth profiling was also 

carried out on a pure 600LiON film with the same sputter gun, see Figure 5.13 (a). The chemical 

composition of the 600LiON varies throughout the film because Li+ ions exhibit high mobility 

in the film under the effect of high-energy Ar+ ion sputtering. Moreover, the extremely low 

ionization cross-section of the Li 1s photoionization leads to relatively large uncertainty in 

lithium quantification (156). Most of the carbon contamination on the surface of both films 

was removed after the first etching. The residual carbon in the inner film might originate from 

the residual precursors after N2 purging or elemental redistribution during sputtering. 

Nitrogen was incorporated into the 600LiON film with approximately 4 atomic % after 

removing surface contamination. There are more than 50 atomic % of Li and 40 atomic % of O 

in the inner 600LiON film. A large amount of Li was also detected at the interface and even in 

the substrate of the film due to the sputter-induced implantation. Similarly, pure SiO2 

substrate with an expected molar Si/O ratio of 1:2 is observed after 350 s erosion. Due to the 

high mobility of Li+ during sputtering, the film is deemed to be etched through after 200 s 

when no obvious nitrogen peak can be detected. Taking the calculated thickness of LiON into 

consideration, the etching rate of LiON using a 1 keV monoatomic Ar+ sputter gun is 

approximately 2.4 Å/s. 

XPS sputter depth profile derived from integrated peak areas only provides information about 

the composition. Figure 5.13 (b)-(f) illustrate more details about the chemical environments 

of the 600LiON film by fitting high-resolution Li 1s, O 1s, C 1s, N 1s, and Si 2p spectra after 100 

s sputtering. All the spectra were referenced to the surface adventitious C 1s peak of C-C/C-H 

at 285.0 eV binding energy. As can be seen in Figure 5.13 (b), the peaks of LiOH, Li2CO3, and 

Li3N in Li 1s spectra are strongly overlapping at around 55.4 eV except for Li2O at a lower 

binding energy of 54.4 eV (234, 256, 257). The O 1s spectrum in Figure 5.13 (c) can be 

deconvoluted into 3 components: Li2O at 529.2 eV, LiOH/Li2CO3/C=O at 531.9 eV, and SiO2/C-

O at 533.4 eV (258). The binding energies of LiOH and Li2CO3 in both Li 1s spectrum and O1s 

spectrum are very close (256, 257). Therefore, it is difficult to distinguish LiOH and Li2CO3 in 

the ALD films via XPS. Figure 5.13 (d) shows the fitting of the C 1s with four components of C- 
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Figure 5.13: (a) XPS sputter depth profile of the 600LiON film; Fitted high-resolution XPS 

spectra of O1s (b), Al 2p (c), and C 1s (d) after 100 s sputtering (blue dashed line and blue 

points in (a)). 
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C/C-H at 285 eV,C-O/C-N at 286.3 eV, to O-C=O/O-C=N at 289.3 eV, and Li2CO3 at 290.5 eV 

(259, 260). Carbon bonds of C-O, O-C=O, and CO3 might originate from the Li precursor 

(LiOtbu). The N 1s spectrum reveals four different bonds: Li3N at 397.2 eV, -N= at 398.6 eV, -

N< at 399.8, and -NO2 at 404.7 eV, as shown in Figure 5.13 (e) (259, 260). A small amount of 

nitrogen is located in an environment similar to that of Li3N, while the majority of nitrogen is 

linked to carbon by single or double bonds. The residual nitrogen is attached to oxygen which 

stems from oxygen-containing precursors. There is no obvious Si 2p peak in Figure 5.13 (f) 

which demonstrates the high lateral homogeneity of the ALD films even after 100 s sputtering. 

In summary, the main compounds in the pure LiON film are LiOH, Li2O, Li2CO3, and Li-N. 

 

Figure 5.14: (a) Positive ion ToF-SIMS sputter depth profile of the (20LiON-20Al2O3)x20 film. 

(b) XPS sputter depth profile of the (20LiON-20Al2O3)x20 film. The dashed blue line and blue 

points relate to the fitted spectra at 500 s, see Figure 5.15. 

Multilayered (20LiON-20Al2O3)x20 film was prepared by alternatingly stacking the pure LiON 

sublayer and pure Al2O3 sublayer. In order to obtain the in-depth elemental information of 

the multilayered heterostructure, ToF-SIMS sputter depth profiling was carried out on the 

multilayered (20LiON-20Al2O3)x20 film. Figure 5.14 (a) shows the ToF-SIMS sputter depth 

profile of the (20LiON-20Al2O3)x20 film eroded with a 20 keV Ar1500
+ cluster sputtering ion gun. 

No compositional information can be obtained from ToF-SIMS depth profiling owing to the 

matrix-dependent ionization probabilities of different elements. The analysis shows the 

presence of Li+, Al+, Li2O+, and LiAl+, uniformly distributed throughout the film. After 300 s of 

etching, Li2O+ and LiAl+ tend to be etched out while Li+ and Al+ were still found in the Si+-
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containing substrate because of the ionic implantation induced by the high-energy Ar clusters. 

The enrichment of Al+ and LiAl+ at the interface results from lower mobility of Al-containing 

ions and weaker implantation compared with Li+ ions. The expected fluctuant profile for the 

multilayer system was not observed since the sputter-induced migration. Based on the etch 

time of around 300 s and the film thickness of approximately 72 nm, the etching rate of the 

multilayered (20LiON-20Al2O3)x20 film applying a 20 keV Ar1500
+ cluster is 2.4 Å/s. 

To explore the in-depth chemical environment of the multilayered (20LiON-20Al2O3)x20 film, 

XPS sputter depth profiling was carried out applying a 1 keV monoatomic Ar+ sputter gun, 

shown in Figure 5.14 (b). Similarly, most carbon contamination is located on the topmost 

surface of the film and the rest of the carbon in the inner film is probably attributed to the 

residual precursors or elemental redistribution caused by sputtering. Different from the XPS 

sputter depth profile of the pure 600LiON film, the elemental composition of the (20LiON-

20Al2O3)x20 film remains constant with atomic concentrations of 21 % Li, 21 % Al, 50 % O, 5 % 

C, and 3 % N till the interface to the substrate. Li and Al detected at the interface or even in 

the substrate are deemed to be sputter-induced implantation. Similar to ToF-SIMS results, Al 

is slightly enriched at the interface between the film and the substrate because of its slow 

migration and implantation. According to both XPS and ToF-SIMS sputter depth profiles, 

elemental composition stays steady throughout the (20LiON-20Al2O3)x20 film. This in-depth 

uniform distribution may result from the low Li+ ions mobility caused by the blocking effect of 

the insulating Al2O3 sublayers. Since the information depth of XPS (5-10 nm) exceeds the 

thicknesses of both LiON sublayer and Al2O3 sublayer, the layer-by-layer structure of the 

multilayer films cannot be resolved here. The etching of the (20LiON-20Al2O3)x20 film is 

considered to be finished after around 1350 s when no more nitrogen was detected by further 

sputtering. With this in mind, the etching rate of the multilayered (20LiON-20Al2O3)x20 by 1 

keV monoatomic Ar+ sputtering can be calculated to be 0.53 Å. As expected, this sputter gun 

etches the (20LiON-20Al2O3)x20 heterostructure slightly faster than the pure 200Al2O3 film 

while much slower than the pure 600LiON.  

As an example of peak fitting, high-resolution O 1s, Al 2p, Li 1s, C 1s, N 1s, and Si 2p spectra of 

the (20LiON-20Al2O3)x20 film after 500 s sputtering (marked with a blue dashed line and blue 

points in Figure 5.14 (b)) are presented in Figure 5.15 (a)-(f), respectively. Compared to the 

600LiON film, there is an additional peak in O 1s at a binding energy of 530.8 and an additional 
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Figure 5.15: Fitted XPS spectra of the (20LiON-20Al2O3)x20 film after 500 s etching: (a) O 1s, 

(b) Al 2p, (c) Li 1s, (d) C 1s, (e) N 1s, (f) Si 2p. 
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Al 2p peak with Al 2p3/2 at 74.2 eV in Figure 5.15 (a) and (b), both of which are assigned to 

Al2O3 (261, 262). These two peaks are shifted to higher binding energies compared with the 

pure 200Al2O3 film. Other XPS spectra were fitted in a similar way as the 600LiON film despite 

some small energy shifts: LiOH/Li2CO3/Li3N at 55.7 eV and Li2O at 54.9 eV for Li 1s in Figure 

5.15 (c); C-C/C-H at 285 eV, C-O/C-N at 286.3 eV, O-C=O/O-C=N at 289.2 eV, and Li2CO3 at 

290.6 eV for C 1s in Figure 5.15 (d); Li3N at 396.8 eV, -N= at 398.3 eV, -N< at 399.3, and -NO2 

at 404.4 eV for N 1s in Figure 5.15 (e). Less Li2O is present in the multilayered (20LiON-

20Al2O3)x20 film as can be seen from both the O 1s spectrum and the Li 1s spectrum. The 

absence of a Si 2p peak from the substrate reveals homogeneously deposited ALD 

multilayered film.  

According to the fitting results from Figure 5.15, a quantitative analysis of chemical 

environments in the inner (20LiON-20Al2O3)x20 film is presented in Figure 5.16. More than 

half of the atoms in the heterostructure of the (20LiON-20Al2O3)x20 belong to Al2O3. Li-

containing compounds account for about 46.3 % of all atoms, corresponding to LiOH, Li2CO3, 

Li-N, and Li2O with 22.9 %, 12.2 %, 6.2 %, and 5.0 % in atomic percentages, respectively. The 

remaining 3.1 atomic % belongs to the bonds between C, N, and O. Hydrogen is not included 

in the total amount of atoms since it is undetectable via XPS. 

 

Figure 5.16: Pie chart of chemical compositions of the (20LiON-20Al2O3)x20 film after etching 

for 500 s based on the fitting results from Figure 5.15. 
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Figure 5.17: C 1s (a), N 1s (b), O 1s (c), Si 2p (d), Li 1s (e), and Al 2p (f) XPS spectra of the 

(20LiON-20Al2O3)x20 film as a function of etch time (black spectra for the surface; blue spectra 

for the inner film; violet spectra for the interface; red spectra for the substrate; orange spectra 

at 500 s etching time were fitted as presented in Figure 5.15). 
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Waterfall plots of O 1s, Al 2p, Li 1s, C 1s, N 1s, and Si 2p XPS spectra vs. etch time are presented 

in Figure 5.17(a)-(f) to track chemical bonds in the (20LiON-20Al2O3)x20 film during sputtering. 

In Figure 5.17, the first spectra on the topmost surface are plotted in black, the spectra of the 

inner film in blue, the spectra at the interface in violet, and the spectra of the substrate in red. 

All orange spectra at an etch time of 500s are used for fitting (see Figure 5.15). Figure 5.17 (a) 

shows stable O 1s spectra until the interface is reached, where the O 1s peak for SiO2 at 533.9 

eV appears corresponding to the Si 2p peak at a binding energy of 104.4 eV in Figure 5.17 (f), 

whilst the other three O 1s peaks for the ALD film fade away (258). Al 2p and Li 1s spectra in 

Figure 5.17 (b) and (c) stay steady throughout the film coinciding with the stable elemental 

compositions in the XPS sputter depth profile. The distinct change of the first spectra (in black) 

results from the elimination of a large amount of C-C/C-H at the topmost surface by sputtering, 

see Figure 5.17 (d). The residual Li2CO3 peak remains steady in the film until the interface, 

confirming the existence of Li2CO3 throughout the film. The peak intensity of N 1s in Figure 

5.17 (e) goes up with increasing etch time indicating that the sputter-induced migration occurs 

for nitrogen as well. 

 

Figure 5.18: (a) Positive ion ToF-SIMS sputter depth profile of the (75LiON-10Al2O3)x08 film. 

(b) XPS sputter depth profile of the (75LiON-10Al2O3)x08 film. The dashed blue line and blue 

points relate to the fitted spectra at 150 s, as shown in Figure A 8. 

Figure 5.18 (a) and (b) show positive ion ToF-SIMS and XPS depth profiles of the (75LiON-

10Al2O3)x08 film. 6Li+, Al+, Li2O, and LiAl+ were detected at the (75LiON-10Al2O3)x08 film in the 

ToF-SIMS sputter depth profile. Owing to the influence of the sputter gun, these ions 

inhomogeneously distribute throughout the film and a large amount of them is implanted into 
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the substrate due to high ionic mobility. The XPS sputter depth profile shows that more Li is 

found in the (75LiON-10Al2O3)x08 film than in the (20LiON-20Al2O3)x20 film due to a higher 

ratio of LiON ALD cycle to Al2O3 ALD cycle. However, no apparent plateau is visible in the 

concentration depth profile of the (75LiON-10Al2O3)x08 film, and strong sputter-induced 

implantation at the interface is observed, confirming high ionic mobility under sputtering. The 

chemical environments of the (75LiON-10Al2O3)x08 film are similar to that of the (20LiON-

20Al2O3)x20 film (see the fitted spectra in Figure A 8).  

It is noted that both positive ion ToF-SIMS and XPS depth profiles reveal that the non-

conductive Al2O3 sublayers in the (75LiON-10Al2O3)x08 film can not effectively block sputter-

induced ionic migration as in the (20LiON-20Al2O3)x20 film. The Al2O3 sublayer in the (75LiON-

10Al2O3)x08 film (1 nm) is thinner than in the (20LiON-20Al2O3)x20 film (2 nm) while the 

opposite is true for the LiON sublayer. The Al2O3 sublayer in the (75LiON-10Al2O3)x08 film is 

too thin or not stable to prevent effectively the sputter-induced migration of Li+ ions from the 

thick LiON sublayer (6 nm). XPS sputter depth profiles of the (50LiON-10Al2O3)x12 film, the 

(40LiON-10Al2O3)x15 film, and the (20LiON-10Al2O3)x30 film in Figure A 9 indicate that a more 

stable concentration profile is obtained when more Al2O3 sublayers are inserted into the same 

thickness of the LiON layer. Based on the XPS sputter depth profiles using 1 keV monoatomic 

Ar+, the etch rates of the (75LiON-10Al2O3)x08 film, the (50LiON-10Al2O3)x12 film, the (40LiON-

10Al2O3)x15 film, and the (20LiON-10Al2O3)x30 film are about 1.6 Å/s, 1.3 Å/s, 1.2 Å/s, and 0.8 

Å/s. As expected, the Al2O3 sublayers slow down the erosion in the multilayered LiON-Al2O3 

films. 

5.3.3 Ionic conductivity  

The impedance measurements were done mainly by Dr. Andy Fiedler in the group of Prof. 

Xiang Yang Kong in the Institute of Materials for Mobile Energy, Shanghai Jiao Tong University, 

China. 

The in-plane ionic conductivities of the pure 600LiON film and all multilayered 

heterostructures listed in Table 5.1 were characterized by impedance spectroscopy at 

temperatures between 120 °C and 180 °C. Figure 5.19 (a) presents typical Nyquist plots of the 

(75LiON-10Al2O3)x08 film, the (20LiON-20Al2O3)x20 film, and the pure 600LiON film at 160 °C.  
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Figure 5.19: (a) Nyquist plots of the pure (75LiON-10Al2O3)x08 film, the (20LiON-20Al2O3)x20 

film, and the 600LiON film at 160 °C; (b) Arrhenius plots of the (75LiON-10Al2O3)x08 film, the 

(20LiON-20Al2O3)x20 film, and the 600LiON film (two samples) in the temperature range of 

120-180 °C. 

All spectra comprise one semi-circle in the high-frequency region and an inclined line in the 

low-frequency region. The semi-circle represents the response of the film for Li+ conduction 

and the inclined line can be ascribed to the diffusion of Li+ ions which starts at a frequency of 

about 5 Hz. The impedance spectra were fitted with the equivalent circuit as shown in the 

inset of Figure 5.19 (a) using the software Relaxis 3 (rhd Instruments, Germany). R represents 

the ionic resistance of the film and the constant phase element CPE1 (Q1) represents the 

capacitance of the experimental setup and the sample. The other CPE2 (Q2) corresponds to 

the diffusion part in the Nyquist plot, which can be regarded as a Warburg-type CPE. The 

corresponding fitting parameters at 160 °C are shown in Table S 1. The ionic conductivities of 

all ALD films were calculated using Equation 5.1. Both the multilayered (75LiON-10Al2O3)x08 

films and the multilayered (20LiON-20Al2O3)x20 show a smaller semi-circle than the pure 

600LiON film at 160 °C, which can be explained as follows: the multilayered heterostructures 

have lower resistance than the 600LiON film at this temperature. The corresponding ionic 

conductivities at 160 °C are 2.8 x 10-4 S/cm for the (75LiON-10Al2O3)x08 film and 2.5 x 10-4 

S/cm for the (20LiON-20Al2O3)x20 film, which are both higher than 1.1 x 10-4 S/cm for the 
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600LiON film. The conductivities of both heterostructured LiON-10Al2O3 films are higher than 

that of previously published LixAlyOz ALD films without nitrogen dopant. (232–234) 

As demonstrated in Figure 5.19 (b), the conductivities of all three films increase exponentially 

with increasing temperature, indicating a thermally activated conduction mechanism of our 

thin films. Both single 600LiON films share similar conductivity and activation energy indicating 

good reproducibility of these experiments. Both multilayered films exhibit higher ionic 

conductivity than the two pure 600LiON films in the temperature range of 120-180 °C. In other 

words, the ionic conductivity of the pure 600LiON film is enhanced by the interposition of non-

conductive Al2O3 sublayers. One explanation is the introduction of heterointerfaces between 

LiON sublayers and Al2O3 sublayers. The dissimilarity in mobile ion concentrations of these two 

sublayers will lead to ion transfer across the heterointerface, forming a space charge region 

(31, 33, 263). The accumulation, depletion, and inversion effects of the charge carriers and 

defects in this region, i.e., space charge effect, can accelerate the transport of Li+ ions due to 

an increase of concentration of point defects (236, 263–267). The space charge effect has an 

effective range, known as the Debye length (λD) and the thicknesses of our sublayers are 

smaller than this length. As a result, the space charge regions are overlapping, and thus a 

stronger space charge effect impacts the ionic conduction (32, 235, 236). The slopes of the 

fitted lines in Figure 5.19 (b) provide the activation energies of the (75LiON-10Al2O3)x08 film, 

the (20LiON-20Al2O3)x20 film, and the 600LiON film with 0.57 (±0.02) eV, 0.64 (±0.01) eV, and 

0.49 (±0.02) eV, respectively. Due to the insertion of Al2O3 sublayers, the activation energies 

of the multilayered (75LiON-10Al2O3)x08 film and the (20LiON-20Al2O3)x20 film increase 

owing to local structural distortions and the blocking effect brought by insulating Al2O3 

sublayers (235, 268–270). Consequently, more and thicker insulating Al2O3 sublayers in the 

(20LiON-20Al2O3)x20 film than in the (75LiON-10Al2O3)x08 film lead to a lower conductivity 

and higher activation energy. In summary, the heterointerfaces provide 2D channels for fast 

ionic conduction while increased activation energy. It is noteworthy that the (75LiON-

10Al2O3)x08 film exhibits a higher conductivity than the (20LiON-20Al2O3)x20 film. This 

suggests a thickness-dependent ionic conductivity of multilayered heterostructures, which will 

be discussed in the following part.  



81 

 

In order to build optimized interfaces in the multilayer system for ionic conduction, three 

LiON-Al2O3 films with various thicknesses of Al2O3 sublayers were synthesized by ALD: a 

(40LiON-05Al2O3)x20, a (40LiON-10Al2O3)x20, and a (40LiON-20Al2O3)x20. These three films 

have the same thickness (3.2 nm) and number (40) of the LiON sublayers, while the thicknesses 

of the Al2O3 sublayer are adjusted to be 0.5 nm (05 subcycles), 1 nm (10 subcycles), and 2 nm 

(20 subcycles), respectively. The repetitions of the bilayer are the same for all three samples 

to ensure the same number of heterointerfaces. The temperature-dependent ionic 

conductivity of multilayered films vs. inverse temperature is presented in Figure 5.20 (a). The 

(40LiON-10Al2O3)x20 film shows the highest conductivity at all temperatures and the lowest 

activation energy of 0.58 (±0.02) eV. In contrast, (40LiON-20Al2O3)x20 with 2 nm Al2O3 

sublayers exhibits lower ionic conductivity and higher activation energy due to the thicker non-

conductive Al2O3 layers. For the (40LiON-05Al2O3)x20 film, 5 ALD subcycles of Al2O3 may not 

be enough to form a stable and uniform heterointerface for the interfacial conduction. As a 

result, the LiON-Al2O3 multilayer system with 1 nm Al2O3 sublayers provides better 

heterostructures for ionic conduction.  

 

Figure 5.20: (a) Arrhenius plots of (40LiON-05Al2O3)x20 film, (40LiON-10Al2O3)x20 film, and 

(40LiON-20Al2O3)x20 film in the temperature range of 120-180 °C; (b) Arrhenius plots of the 

(20LiON-10Al2O3)x30 film, (40LiON-10Al2O3)x15 film, (50LiON-10Al2O3)x12 film, the (75LiON-

10Al2O3)x08 film, and the pure 600LiON in the temperature range of 120-180 °C. 
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Apart from the Al2O3 sublayer, the thickness of the LiON sublayer also plays an important role 

in the conduction performance. Multilayered films with varied thicknesses of LiON sublayer 

were prepared by ALD: a (20LiON-10Al2O3)x30 film, a (40LiON-10Al2O3)x15 film, a (50LiON-

10Al2O3)x12 film, and a (75LiON-10Al2O3)x08 film. In order to keep the amount of Li+ ions the 

same for all these four samples, the number of total ALD cycles of LiON in all films is fixed to 

600. These 600 cycles of LiON are evenly distributed in 8 bilayers, 12 bilayers, 15 bilayers, and 

30 bilayers, respectively. With this in mind, the number of subcycles for each LiON sublayer is 

thus 75 subcycles, 50 subcycles, 40 subcycles, and 20 subcycles, respectively. These sublayers 

are separated by a 1 nm Al2O3 barrier layer which has demonstrated to be a better thickness 

for ionic conduction as discussed above. As expected, all these four multilayer films show 

higher ionic conductivities than the pure 600LiON film due to the space charge effect at the 

heterointerfaces as displayed in Figure 5.20 (b). They have a similar activation energy of 

around 0.58 eV, which may arise from the same thickness of the Al2O3 barrier layer and similar 

types of heterointerfaces. The (40LiON-10Al2O3)x15 film exhibits the best ionic conductivity of 

6.2x10-4 S/cm at 160 °C. Compared to this sample, the (20LiON-10Al2O3)x30 film exhibits lower 

conductivity even if it contains double the number of heterointerfaces. This might be caused 

by the increased total thickness of the insulating Al2O3 layers, leading to stronger local 

distortions and blocking effect. For the (50LiON-10Al2O3)x12 film and the (75LiON-10Al2O3)x08 

film, one possible reason is the less amount of Li+ ions close to the heterointerfaces. Moreover, 

Li+ ions can move not only along the interfaces but also in the direction perpendicular to the 

film when the LiON sublayer is over-thickened. That is to say, the Al2O3 sublayer can not 

effectively block the migration of Li+ ions in the perpendicular direction, in good agreement 

with the XPS and ToF-SIMS depth profiles. These results demonstrate that (40LiON-

10Al2O3)x15 with 3.2nm of LiON sublayer provides better heterointerfaces for ionic 

conduction. 

The ionic conductivities of all LiON-Al2O3 films with various thicknesses of LiON (black) or Al2O3 

(blue) at 160 °C, extracted from Figure 5.19 (b) and Figure 5.20 are displayed in Figure 5.21. 

All multilayer LiON-AlOx films show higher ionic conductivity than the single 600LiON film at 

160 °C, even if the lithium concentration of the multilayer films is lower than in the pure 

600LiON films due to the insertion of insulating Al2O3 sublayer. A maximum can be observed 

for both series of samples. The (40LiON-10Al2O3)x15 film exhibits the highest conductivity with 
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6.2x10-4 S/cm at 160 °C and an extrapolated value of 8.9x10-7 S/cm at RT among all LiON-Al2O3 

multilayered heterostructures, which is higher than any previously reported LixAlyOz ALD films 

(232–234). Besides, 3.2 nm LiON sublayer (40 subcycles) combined with 1nm Al2O3 sublayer 

(10 subcycles) is the best thickness combination in our multilayer system LiON-Al2O3 for ionic 

conduction. However, (40LiON-10Al2O3)x15 with fewer heterointerfaces shows higher 

conductivity than (40LiON-10Al2O3)x20. This could probably be explained by the difference in 

thickness between the two films (264, 271). 

 

Figure 5.21: Sublayer-thickness-dependent ionic conductivity of LiON-Al2O3 films at 160 °C. 

The black and blue symbols refer to the dependence on the sublayer LiON and Al2O3 sublayer, 

respectively, while the thickness of the other layer is kept constant. Two identical 600LiON 

reference samples are shown in red color. 

5.4 Conclusions  

Novel heterostructured thin-film solid-state electrolytes LiON-Al2O3, synthesized via ALD, 

were investigated. Exemplarily characterizations were performed on the (20LiON-20Al2O3)x20 

film and the (75LiON-10Al2O3)x08 film. Morphological and compositional data show that both 

ALD films are flat, pinhole-free, and homogeneous. GIXRD and MAS NMR results reveal that 

the multilayered (20LiON-20Al2O3)x20 film deposited at 200 °C is amorphous. Remarkably, the 

layer-by-layer structure with the sublayer thickness of around 2 nm was observed using cross-

sectional HRTEM. ToF-SIMS images on the wedge-crater and normal crater show that the 
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topmost several sublayers of the heterostructure are individually deposited, which is 

confirmed by damage-free ARXPS measurement. Nevertheless, deeper sublayers are not able 

to be observed due to the limitation of these methods. The Al2O3 film was proved to be an 

extremely pure Al2O3 with the desired Al/O ratio of 2:3 as obtained by the XPS sputter depth 

profile, while that of the 600LiON is not that uniform due to the strong sputter-induced 

migration of Li+ ions. By contrast, ToF-SIMS and XPS sputter depth profiles of the (20LiON-

20Al2O3)x20 film present a stable plateau since the sputter-induced migration is blocked by 

insulating Al2O3 sublayers. Furthermore, the inner film of heterostructured (20LiON-

20Al2O3)x20 mainly consists of Al2O3 from the Al2O3 sublayer and LiOH, Li2CO3, Li-N, and Li2O 

from the LiON sublayer, as analyzed by XPS. Strong sputter-induced migration was observed 

also in the XPS depth profile of the (75LiON-10Al2O3)x08 film due to a less blocking effect of 

thinner Al2O3 sublayer but thicker LiON sublayer. This migration could be weakened by 

increasing the thickness of the Al2O3 sublayer or decreasing the thickness of the LiON sublayer. 

Compared with the pure 600LiON film, the ionic conductivities of all multilayer LiON-Al2O3 

films were increased by inserting non-conductive Al2O3 sublayers. This is remarkable since the 

overall concentration of Li+ ions is lower, but the overall conductivity is enhanced. The space 

charge effect at the heterointerface is deemed to be the mechanism behind this enhancement. 

The increase of the activation energy mainly arises from local structural distortions induced 

by the insulating Al2O3 sublayers. LiON-Al2O3 films with nitrogen dopant, identified by EDX and 

XPS, exhibit a higher conductivity than previously reported LixAlyOz ALD films without nitrogen. 

The thickness-dependent conductivity was investigated by impedance measurements of LiON-

Al2O3 heterostructures with varied thicknesses of both sublayers. The combination of a 3.2 nm 

LiON sublayer and a 1 nm Al2O3 sublayer is proved to exhibit the best conductivity 

performance among all of our multilayer heterostructures. The (40LiON-10Al2O3)x15 film has 

the lowest activation energy of 0.57 eV and the highest ionic conductivity of 6.2x10-4 S/cm at 

160 °C. These results enable the development of heterostructured thin films with highly 

conducting heterointerfaces by ALD as solid electrolytes/conductors for ionic devices. 
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6 Conclusions and Outlook 

In this work, both heterogeneous composite and thin film solid electrolytes were synthesized 

to investigate the physicochemical and electrochemical properties of heterostructured 

materials with the variation of composition for SEs. To deeply understand their properties, 

various characterization methods were applied on both systems with systematically varied 

compositions. Remarkably, a higher conductivity was achieved with a specific combination of 

a good conductor and a bad conductor in both bulk-type and thin-film heterostructures. The 

underlying reason behind this is deemed to be the opposite effects: a space charge effect at 

the interface vs. local structural distortions and a blocking effect possibly in combination with 

the formation of new phases at the interface. The space charge effect at the heterointerfaces 

gives rise to the redistribution of charge carriers and point defects resulting in the acceleration 

of Li+ ions transport along the interface. Local structural distortions and the blocking effect 

induced by the poor conductor can reduce the ionic conductivity of the heterogeneous system. 

A series of heterogeneous (100-x)Li3PS4-xLi3PO4 (10 ≤ x ≤ 40) oxysulfides were synthesized by 

a two-step mechanical milling. The evolution of heterogeneous oxysulfides with various 

content of Li3PO4 dopant was systematically characterized by XRD, Raman spectroscopy, 31P 

MAS NMR, and XPS. These results demonstrate that glass-ceramic heterogeneous composites 

with desired compositions were obtained by mechanical ball milling. Heterogeneous 

composites with x = 15 and x = 20 are more stable against Li metal and exhibit higher ionic 

conductivity than pure glass Li3PS4. Both oxysulfides with x = 15 and x =20 have similar AC 

conductivities of 1.6 x 10-4 S/cm at RT, while they have higher DC conductivities 9.5 x 10-4 S/cm 

and 2.4 x 10-3 S/cm at RT for x =15 and x =20, respectively, after stabilization by galvanostatic 

cycling. This suggests the formation of preferred interphase between heterogeneous 

oxysulfides and Li metal for ionic conduction, which even enables over 60 charge-discharge 

cycles in a full cell. Only heterogeneous composites with x = 15 and x = 20 have higher 

conductivity and lower activation energy than pure glass Li3PS4, while the other oxysulfides 

show opposite results. This phenomenon is attributed to the combined and opposite 

influences of the space charge effect and the blocking effect. Furthermore, three additional 

units of [PS3O]3-, [PS2O2]3-, and [PSO3]3- observed in 31P MAS NMR spectra demonstrate the 

local structural changes and might also lead to the improvement of ionic conductivity. 
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Heterogeneous oxysulfides with x = 15 and x = 20 could improve the cycling stability and rate 

capability of a full cell to a certain extent, however, a large capacity loss was still observed due 

to the large resistance between Li2CoO2 and SE.  

Heterogeneous novel LiON-Al2O3 thin films with multilayered structures were synthesized by 

ALD. The heterogeneous (20LiON-20Al2O3)x20 film is proved to be amorphous, flat, 

homogeneous, and pinhole-free. The layer-by-layer heterostructure with 2 nm thickness 

sublayers was observed by cross-sectional TEM and confirmed by ARXPS and ToF-SIMS images 

assisted with a sputter gun. XPS sputter depth profile shows that the multilayered (20LiON-

20Al2O3)x20 film has a composition of Al2O3 for the Al2O3 sublayers and LiOH, Li2CO3, Li-N, and 

Li2O for the LiON sublayers. Nitrogen-doped heterogeneous LiON-Al2O3 films exhibit higher 

conductivity than the LixAlyOz ALD films described in the literature. Furthermore, almost all 

multilayered LiON-Al2O3 films have higher conductivity but also higher activation energy than 

the pure 600LiON film. The space charge effect at the heterointerfaces enhances the ionic 

conductivities of multilayered heterostructures, while the local structural distortions at the 

interface and the blocking effect of Al2O3 sublayers reduce the ionic conduction and increase 

the activation energy. Concerning these opposite effects, the optimized multilayered LiON-

Al2O3 heterostructures consisting of 3.2 nm LiON sublayers and 1 nm Al2O3 sublayers exhibit 

the best conductivity. The heterostructured (40LiON-10Al2O3)x15 film has a conductivity of 

6.2x10-4 S/cm at 160 °C (activation energy 0.57 eV) which is higher than previously reported 

LixAlyOz films.  

To better understand the enhancement of heterogeneous oxysulfides, synchrotron beamtime 

for pair distribution function (PDF) was applied for future analysis of the short-range order of 

these glass-ceramic oxysulfides. XPS measurement should be conducted at the interface of 

Li/SE by sputtering or on the cross-section of Li symmetric cell by FIB, to identify the stable 

interphase. 70 mol % Li2CoO2 mixed with 30 mol % SE was employed as the positive electrode 

in this work, which results in a huge interface resistance, and consequently large capacity loss. 

XPS or ToF-SIMS measurements on this interface can be very useful to explore the mechanism 

behind this poor electrochemical performance. Other positive electrode compositions or 

surface coatings could be applied to optimize the interface between SE and the positive 

electrode.  
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For the in-depth characterization of heterostructured LiON-Al2O3 films, a more proper 

sputtering strategy is expected to decrease the sputter-induced migration. Since the nitrogen 

dopant increases the ionic conductivity of the heterostructured LiON-Al2O3 films, varied 

content of nitrogen could be introduced to further optimize the LiON-Al2O3 films concerning 

ionic conduction. To clarify the influence of the number of heterointerfaces on ionic 

conductivity, LiON-Al2O3 films with a different number of heterointerfaces while possessing 

the same thicknesses of the LiON and the Al2O3 sublayer should be prepared for impedance 

measurements. 
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Appendix 

 

Figure A 1: Rietveld refinement from X-ray powder diffraction data of starting materials of Li2S 

(a) and P2S5 (b). 

 

 

Figure A 2: Evolution of the impedance response of symmetric Li/(100 -x)Li3PS4-xLi3PO4 /Li cells 

(x = 0) at 25 °C as a function of time. 
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Figure A 3: Nyquist plots of symmetric Li/80Li3PS4-20Li3PO4/Li cell from 5 °C to 75 °C. 

 

 

Figure A 4: Nyquist plots of symmetric Li/85Li3PS4-15Li3PO4/Li cell from 5 °C to 75 °C. 
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Figure A 5: Mask for gold electrode evaporation (dimension in μm). 

 

 

Figure A 6: (a) SEM image of the (75LiON-10Al2O3)x08 film; (b) surface map of the (75LiON-

10Al2O3)x08 film obtained by WLI; cross-sectional profiles of the x-axis (c) and y-axis (d), as 

marked in (b). 
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Figure A 7: (a) SEM image and corresponding EDX mappings (C, N, O, Al, Si) of the (75LiON-

10Al2O3)x08 film; (b) EDX spectrum of the (75LiON-10Al2O3)x08 film. 

 

 

 

 

 

 

 

 

 

 

 

 



120 

 

 

Figure A 8: Fitted XPS spectra of the (75LiON-10Al2O3)x08 film after 150s etching: (a) O 1s, (b) 

Al 2p, (c) Li 1s, (d) C 1s, (e) N 1s, (f) Si 2p. 

 



121 

 

 

Figure A 9: XPS sputter depth profiles of (50LiON-10Al2O3)x12 film (a), (40LiON-10Al2O3)x15 

film (b), and the (20LiON-10Al2O3)x30 film (c). 

 

Table S 1: EIS fitting results of 600LiON, (20LiON-20Al2O3)x20, and (75LiON-10Al2O3)x08 at 160 °C: 

Sample R (Ω) Q1 α1 Q2 α2 

600LiON 3.8 x 107 5.5 x 10-10 0.93 3.4 x 10-8 0.24 

(20LiON-20Al2O3)x20 1.7 x 107 2.3 x 10-10 0.97 4.5 x 10-8 0.22 

(75LiON-10Al2O3)x08 1.5 x 107 6.5 x 10-10 0.89 6.7 x 10-8 0.29 
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