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Editors' Preface 

In times of global challenges, such as climate change, the transformation of mobility, and an 

ongoing demographic change, production engineering is crucial for the sustainable 

advancement of our industrial society. The impact of manufacturing companies on the 

environment and society is highly dependent on the equipment and resources employed, the 

production processes applied, and the established manufacturing organization. The company’s 

full potential for corporate success can only be taken advantage of by optimizing the interaction 

between humans, operational structures, and technologies. The greatest attention must be paid 

to becoming as resource-saving, efficient, and resilient as possible to operate flexibly in the 

volatile production environment.  

Remaining competitive while balancing the varying and often conflicting priorities of 

sustainability, complexity, cost, time, and quality requires constant thought, adaptation, and the 

development of new manufacturing structures. Thus, there is an essential need to reduce the 

complexity of products, manufacturing processes, and systems. Yet, at the same time, it is also 

vital to gain a better understanding and command of these aspects.  

The research activities at the Institute for Machine Tools and Industrial Management (iwb) aim 

to continuously improve product development and manufacturing planning systems, 

manufacturing processes, and production facilities. A company’s organizational, 

manufacturing, and work structures, as well as the underlying systems for order processing, are 

developed under strict consideration of employee-related requirements and sustainability 

issues. However, the use of computer-aided and artificial intelligence-based methods and the 

necessary increasing degree of automation must not lead to inflexible and rigid work 

organization structures. Thus, questions concerning the optimal integration of ecological and 

social aspects in all planning and development processes are of utmost importance.  

The volumes published in this book series reflect and report the results from the research 

conducted at iwb. Research areas covered span from the design and development of 

manufacturing systems to the application of technologies in manufacturing and assembly. The 

management and operation of manufacturing systems, quality assurance, availability, and 

autonomy are overarching topics affecting all areas of our research. In this series, the latest 

results and insights from our application-oriented research are published, and it is intended to 

improve knowledge transfer between academia and a wide industrial sector. 
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1 Introduction 

1.1 All-solid-state batteries: technological promise and road to market 

“The countries that build great zero-carbon companies and industries will be the ones that 

lead the global economy in the coming decades.” 

Bill Gates in How to Avoid a Climate Disaster (GATES 2022) 

These words emphasize that promoting eco-friendly industries supports economic prosperity 

by offering opportunities for sustainable growth. Moreover, mitigating the environmental im-

pact of human activities is critical in counteracting global warming. Hence, policymakers are 

increasingly fostering sustainability initiatives, as exemplified by the European Green Deal, 

which aims for greenhouse gas neutrality in Europe by 2050 (EUROPEAN UNION 2020). Grow-

ing public awareness of climate change threats and the pursuit of technological leadership drive 

the development of clean technologies 2. A cornerstone of sustainable modern economies is the 

reliable storage of electrical energy from fluctuating renewable sources like solar and wind 

(GOODENOUGH 2014). Consequently, the battery industry is a prominent clean technology 

branch that has gained significant interest over the last decade. Notably, the surging demand 

for electric vehicles (EVs), which operate without local carbon emissions, has intensified com-

petition for capable rechargeable energy storage devices (CANO ET AL. 2018; DING ET 

AL. 2019).  

Since its market launch by Sony in 1991, the lithium-ion battery (LIB) has emerged among the 

various technological alternatives as the leading electrochemical energy storage solution due to 

its well-balanced performance characteristics 3 (ARMAND ET AL. 2020; BLOMGREN 2017; LI ET 

AL. 2018a). However, LIBs suffer from intrinsic drawbacks, including physicochemical energy 

density limitations 4, charging and discharging current constraints, temperature susceptibility, 

and safety concerns, all linked to the usage of liquid electrolytes (LEs) (JANEK & ZEIER 2016; 

ROTH & ORENDORFF 2012; WALDMANN ET AL. 2014). Organic polymer electrolytes (PEs) have 

been proposed as substitutes, but their low ionic conductivities at practical temperatures cur-

rently restrict their applicability (MANTHIRAM ET AL. 2017; SCHMALTZ ET AL. 2022, p. 90).  

In response, the all-solid-state battery (ASSB) technology employing inorganic ceramic solid 

electrolytes (SEs) as ion-conducting media combined with lithium metal anodes (LMAs) has 

emerged as a promising alternative. This battery technology containing exclusively solid com-

ponents offers several potential enhancements, including improved energy and power densities, 

operational safety, and long-term stability (JANEK & ZEIER 2016). Notably, ceramic SEs with 

 
2 Clean technology refers to products, services, and processes aiming at reducing environmental impact while maximizing 

resource efficiency. CLIFT (1995) defines clean technology as “a means of providing a human benefit which, overall, uses less 

resources and causes less environmental damage than alternative means with which it is economically competitive”. 
3 ARMAND ET AL. (2020) provide a summary of current and expected future performance metrics of LIBs. The various battery 

performance metrics are discussed in detail in Section 2.1.2. 
4 The volumetric energy density describes the energy content of a battery with reference to its volume. Amongst others, the 

volumetric energy density depends on the interplay of the physical and chemical properties of the involved materials.  
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remarkable ionic conductivities, surpassing those of LEs (KAMAYA ET AL. 2011), have laid the 

material foundation for ASSBs and fueled the development of practical cell designs.  

Recent advancements in the chemistry, electrochemistry, and design of ASSBs have progres-

sively enhanced their functionality, entailing numerous reports on versatile laboratory proto-

types 5 (RANDAU ET AL. 2020). Yet, production-related aspects have received comparatively 

less attention, and the complex interrelations between chemical composition, production pro-

cesses, and product properties are often overlooked in battery development (KWADE ET 

AL. 2018). Laboratory screening of promising chemistries must be followed by production en-

gineering research to industrialize novel battery technologies. Developing scalable production 

methods is particularly critical for ceramic ASSBs, as their manufacturing encompasses signif-

icant changes to established production chains (DUFFNER ET AL. 2021b; SCHNELL ET AL. 2019).  

Both research and industrial stakeholders are pursuing the commercialization of ASSBs,  

recognizing their promises as disruptive post-LIB technology. Established cell manufacturers, 

automotive original equipment manufacturers (OEMs), and start-up companies 6 have reported 

serious progress in developing industry-relevant ASSB prototypes with various chemistries and 

designs 7 (BUBULINCA ET AL. 2023). However, while polymer ASSBs have already been com-

mercialized (BLUE SOLUTIONS 2024) and successfully integrated into EVs (MOTAVALLI 2015), 

industrial-scale production of ceramic ASSBs is still absent. Industrial manufacturers, such as 

Samsung SDI (SAMSUNG SDI 2024), QuantumScape (QUANTUMSCAPE 2024), and Solid Power 

(SOLID POWER 2024), operate pilot production lines for ceramic ASSBs. Yet, to unlock the po-

tential of such next-generation battery technologies, manufacturing must be scaled up by inte-

grating robust and cost-effective processes in pilot and mass production (XU ET AL. 2020).  

1.2 Topic synopsis 

Ceramic ASSBs are projected to become commercially available by the end of this decade 

(SCHMALTZ ET AL. 2022, p. 16). Despite these promising prospects, successfully integrating ce-

ramic ASSBs into practical applications faces significant manufacturing challenges, requiring 

tremendous adjustments to production routes and methods 8 (SCHNELL ET AL. 2018; SCHNELL 

ET AL. 2019). Laser micro-processing has become a key technology for various tasks in indus-

trial battery production due to its speed, reliability, and flexibility (PFLEGING 2018). For exam-

ple, contactless laser cutting has become integral for shaping the electrode geometry, comple-

menting mechanical slitting and fine blanking (MICHAELIS ET AL. 2023, pp. 89 – 94). Further-

more, significant research has focused on enhancing LIB performance through electrode laser 

structuring, an approach 9 intending to modify the electrode–electrolyte interface, now moving 

toward industrialization (HABEDANK ET AL. 2020; HILLE ET AL. 2023b).  

Also, the industry has widely adopted laser micro-processing for various high-precision 

 
5 A prominent industry example is QuantumScape, which published auspicious electrochemical data on ceramic ASSBs demon-

strating the fast-charging of oxide-based ASSBs from 10% to 80% capacity in under 15 minutes, with an energy retention of 

more than 80 % over 400 cycles (QUANTUMSCAPE 2022). 
6 Start-up companies often receive support from automotive OEMs, as seen with QuantumScape, which secured about 

300 million US$ in investment from Volkswagen (MANTHEY 2021). 
7 A compilation of ASSB-related company announcements is given by SCHMALTZ ET AL. (2022, p. 83). Moreover, BUBULINCA 

ET AL. (2023) identified 93 relevant entities associated with ASSB production in a systematic market analysis. 
8 In his doctoral thesis, SCHNELL (2020) discussed potential production chains for ceramic ASSBs. 
9 A patent focusing on the manufacturing of electrodes comprising a multitude of recesses by various process alternatives, 

including laser structuring, was filed by SAUTER (2012) and assigned to the Robert Bosch GmbH. 
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applications, including silicon dicing and glass cutting (ORAZI ET AL. 2021). Given the versa-

tility of laser radiation for processing a broad range of materials, from ceramics and polymers 

to metals (KNOWLES ET AL. 2007), and its established use in LIB production, its potential ap-

plication in fabricating ceramic-based ASSBs is promising. However, while laser micro-pro-

cessing has proven effective for traditional battery types, its applicability to the materials and 

cell designs of ceramic ASSBs is insufficiently studied and poorly understood. Moreover, con-

crete application scenarios remain unclear due to insufficient scientific investigations.  

Thus, the following major research gap (MRG) can be stated: 

MRG The transferability of laser processing techniques from producing lithium-ion batteries 

to ceramic all-solid-state batteries remains uncertain.  

Building on research into laser processing in LIB manufacturing, two primary research direc-

tions emerge for fabricating ceramic ASSBs. First, individual components require precise cut-

ting before battery assembly (DUFFNER ET AL. 2021b). Second, addressing interfacial issues be-

tween components, a central challenge for ceramic ASSBs (BANERJEE ET AL. 2020), offers po-

tential for laser surface processing.  

Considering these fields of action, the primary goal must be to investigate the following over-

arching working hypothesis (OWH): 

OWH Laser processing facilitates the manufacturing and functional improvement of ceramic 

all-solid-state batteries. 

Based on this hypothesis, three superordinate research questions (RQs) evolve: 

RQ1 Is laser processing a capable and efficient technique for machining the components of 

ceramic all-solid-state batteries?  

RQ2 How can laser processes be applied to tune the functionality of all-solid-state batteries?  

RQ3 Can laser processes meet the requirements of all-solid-state battery production in terms 

of scalability, product quality, and system integration?  

Answering these questions aims to advance ceramic ASSBs toward commercialization by 

providing comprehensive research and practical insights into the feasibility of laser processing 

for their large-scale production. At the same time, the objective is to enhance battery perfor-

mance through targeted processing steps.  

1.3 Research framework 

This section outlines the conceptual framework adopted in response to the OWH and the asso-

ciated RQs. It details the research environment facilitating the generated results, classifies the 

research type and philosophy, and describes the scientific approach as a variant of the  

Design Research Methodology (DRM) (BLESSING & CHAKRABARTI 2009).  

Research environment  

The research activities were executed at the Institute for Machine Tools and Industrial Man-

agement (iwb) of the Technical University of Munich (TUM). As a leading research institution 

for production technology, the iwb aims at translating research findings into industrial practice. 
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Most of the scientific findings were collected within the ProFeLi 10 research project. Additional 

results were accomplished through bilateral collaborations with industrial stakeholders from 

battery production and laser technology, which reassured the practical relevance of the obtained 

results through regular discussions. 

Research type  

ASSB research is primarily dominated by fundamental studies in chemistry, electrochemistry, 

and physics, focusing on material- and design-related issues on a laboratory scale (RANDAU ET 

AL. 2020; UE ET AL. 2020). However, the automotive industry’s demand for advanced energy 

storage solutions necessitates the development of large-format 11, cost-effective, and high-per-

formance ASSBs (REN ET AL. 2023). Consequently, this thesis focuses on applied research to 

promote the commercialization of ASSBs by developing industrial-grade production processes, 

bridging the gap between laboratory experimentation and large-scale industrial production 

(CAO ET AL. 2019; FRITH ET AL. 2023). The scope of this research is embedded within produc-

tion engineering, specifically targeting battery production and laser materials processing. An 

interdisciplinary approach is adopted to cope with the complexities of ASSB research (ALBER-

TUS ET AL. 2021), linking insights from material science, electrochemistry, electrical and me-

chanical engineering, and process engineering.  

Over the years, LIBs have been successively scaled from small to large formats by optimizing 

their design and manufacturing (KWADE ET AL. 2018). The short-term market penetration of 

ASSBs necessitates concurrent product and manufacturing engineering (SCHNELL ET AL. 2018). 

As a result, process development is closely integrated with potential battery designs following 

simultaneous engineering 12 approaches. Given the limited knowledge base in the emerging 

field of ASSB production, an exploratory empirical procedure is adopted to identify and link 

phenomena. Distinct research gaps (RGs) (cf. Section 3.3) were deduced through a thorough 

literature analysis of prior research in the field, and practical research objectives (ROs) 

(cf. Section 4.1) are formulated and addressed by collecting data in quantitative experimental 

studies to identify cause–effect relationships. Minute descriptions of experimental setups and 

procedures ensure the reproducibility of the results and foster continuation by other researchers. 

Ultimately, this thesis seeks to generalize the results beyond specific experiments, contributing 

to a broader understanding of laser micro-processing and its application in ASSB fabrication. 

Research Methodology 

The comprehensive DRM as proposed by BLESSING & CHAKRABARTI (2009) was adapted as 

overarching methodological framework, aligning with systematic knowledge gain required in 

engineering research. The DRM framework structures research projects into four distinct, iter-

ative stages, including the Research Clarification (RC), the Descriptive Study I (DS-I),  

the Prescriptive Study (PS), and the Descriptive Study II (DS-II) (BLESSING & 

CHAKRABARTI 2009, p. 15).  

 
10 The ProFeLi research project (German: Produktionstechnik fuer Festkoerperbatterien mit Lithium-Metall-Anode; English: 

Production technology for all-solid-state batteries with lithium metal anode) was funded by the German Federal Ministry of 

Education and Research under the grant number 03XP0184. The project involved designing industry-oriented processes and 

production equipment for the fabrication of ceramic ASSBs within a mixed consortium of industrial and academic entities. 
11 LOEBBERDING ET AL. (2020) use the cell capacity as a possible definition for the term large-format, which is expected to range 

from 3.5 Ah to beyond 120.0 Ah for EV applications. 
12 Simultaneous engineering, also referred to as concurrent engineering, is a systematic approach to the integrated, concurrent 

development of products and associated processes, including production equipment (GROTH & KAMMEL 1994, p. 89). 
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Thereby, the line of actions is not necessarily linear but offers flexibility to master the dynamics 

of scientific research. The individual stages can be either addressed within review-based stud-

ies, solely relying on the analysis of available literature, or comprehensive studies, additionally 

incorporating proprietary research results 13. Moreover, initial studies ensure the continuation 

through others and close a project (BLESSING & CHAKRABARTI 2009, p. 18). 

Within the review-based RC phase, the research goal, focus, and scope were defined based on 

the fundamental body of literature on battery technology and laser materials processing (BLESS-

ING & CHAKRABARTI 2009, 44). The motivation, OWH, and RQs were continuously refined to 

incorporate emerging external and proprietary findings while executing the underlying research 

project.  

A review-based DS-I was executed to gather data and information on the initial condition 

(BLESSING & CHAKRABARTI 2009, pp. 75 – 81). The current situation was investigated through 

a broad literature survey, focusing on laser-based component separation and interface modifi-

cation in battery production. This review is presented in Chapter 3 of this thesis and comple-

mented with topic-specific literature analyses by the state-of-the-art sections of the individual 

publications appended to this dissertation. Given the substantial volume of scientific articles 

that emerged during the preparation of this thesis, the initial literature review underwent con-

tinuous updating. The outcome of the DS-I is characterized by identified RGs and an iteratively 

refined research approach stating practical ROs, which are specified in Chapter 4. 

The main knowledge gain of this thesis was achieved within a comprehensive PS 14 (BLESSING 

& CHAKRABARTI 2009, 141 ff.), concentrating on the manufacturing and functional enhance-

ment of batteries through laser technology. In the first phase of the PS, selected applications of 

laser micro-processing in LIB production were empirically studied. Two peer-reviewed publi-

cations (cf. Section 5.1) provided key product and process benchmarks, which served as success 

criteria for transferring the contemplated processes to scalable ASSB production: 

• P1 (KRIEGLER ET AL. 2021b): Process strategies for laser cutting of electrodes in  

lithium-ion battery production 

• P2 (KRIEGLER ET AL. 2021a): Enhanced performance and lifetime of lithium-ion batter-

ies by laser structuring of graphite anodes 

Subsequently, seven peer-reviewed publications (cf. Section 5.2) contributed to the second 

phase of the PS, investigating the utility of laser micro-processing in ASSB production: 

• P3 (KRIEGLER ET AL. 2022a): Processing of lithium metal for the production of post-

lithium-ion batteries using a pulsed nanosecond fiber laser  

• P4 (KRIEGLER ET AL. 2023a): Automated quality evaluation for laser cutting in lithium 

metal battery production using an instance segmentation convolutional neural network 

• P5 (KRIEGLER ET AL. 2024b): Surface reconditioning of lithium metal electrodes by la-

ser treatment for the industrial production of enhanced lithium metal batteries 

 

 
13 Seven DRM research types characterized by their combination of review-based, comprehensive, and initial studies are dif-

ferentiated. According to this classification, the thesis at hand corresponds to research type three, which targets the development 

of support. (BLESSING & CHAKRABARTI 2009, p. 61)  
14 A comprehensive PS offers recommendations and solutions for existing problems, improving the initial situation identified 

in preceding DRM stages. It addresses scientific and practical challenges by conceptualizing, elaborating, implementing, and 

evaluating solutions, making it especially valuable in applied research. (BLESSING & CHAKRABARTI 2009, p. 144)  
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• P6 (KRIEGLER ET AL. 2022b): Pulsed laser ablation of a ceramic electrolyte for all-solid-

state batteries  

• P7 (KRIEGLER ET AL. 2023d): Scaling up picosecond laser ablation of a LATGP-type 

glass-ceramic solid electrolyte for ASSB production 

• P8 (KRIEGLER ET AL. 2023b): Design, production, and characterization of three-dimen-

sionally-structured oxide-polymer composite cathodes for all-solid-state batteries 

• P9 (KRIEGLER ET AL. 2024a): A perspective on the design, manufacturing, and energy 

content of oxide all-solid-state batteries with scaffold-based composite cathodes 

Finally, the scientific results were critically reflected within an initial DS-II to evaluate their 

contribution and applicability (BLESSING & CHAKRABARTI 2009, p. 196 f.). The research find-

ings are linked to literature to situate them in the broader scientific field (cf. Section 6.1). More-

over, to diminish the gap between laboratory and industry, the Technology Readiness Level 

(TRL), a leading indicator of technological maturity in the production engineering domain 15, 

was evaluated for the individual developed technologies (cf. Section 6.2). An outlook on future 

research activities completes the DS-II (cf. Chapter 7).  

Figure 1.1 illustrates the execution of the four DRM stages along the progress of this thesis. 

 

Figure 1.1:  The implementation of the four stages of the Design Research Methodology (DRM) across the seven 

chapters that form the framework of this thesis is outlined.  

 
15 The European Union adopted the TRL as a basis for decision making in the Horizon 2020 research funding program (DA-

HAN 2018). 

Prescriptive study

(comprehensive)

Research clarification

(review-based)

Descriptive study I

(review-based)

Descriptiv study II

(initial)

DRM framework Implementation within this thesis

It
e

ra
ti
o

n

P
ro

g
re

s
s

➢ All-solid-state batteries

Chapter 5: Research Findings

➢ Lithium-ion batteries

Chapter 6: Subsumption and 

Critical Reflection

➢ Technological 

assessment

➢ Scientific 

classification

Chapter 7: Conclusive

Summary and Perspectives

➢ Scientific 

contributions

➢ Outlook on future

research

Chapter 1: Introduction

➢ Motivation and ideation

➢ Research aim, focus, 

and scope

Chapter 2: Fundamentals

➢ Lithium-ion and 

all-solid-state batteries

➢ Laser materials processing

Chapter 3: State of the Art

➢ Laser-based component separation

➢ Laser-based surface modification

Chapter 4: Research Approach

➢ Research objectives

➢ Integration of publications

TRL



1.3  Research framework 7 

 

 

Employed scientific methods 

This paragraph outlines the main scientific methods employed in the presented framework, in-

cluding literature reviews, experimental work, modeling, prototyping, and technology readiness 

assessment. A detailed picture of the scientific methods used in the appended publications is 

presented in Section 4.2 and summarized in Figure 4.2. 

Qualitative integrative literature reviews 16 were conducted to collect and integrate prior re-

search (SNYDER 2019). Broad reviews in Chapters 2 and 3 motivate the research and allow ROs 

to be deduced, while topic-specific literature compilations within the individual publications 

informed practical problem statements. Accounting for the broadness of ASSB research, the 

focus was placed on combining insights from different fields rather than covering all individual 

articles related to the field.  

Prototyping 17 included designing and constructing an air-tight laser box and an encapsulated 

laser unit. These function prototypes facilitated the laser processing of air-sensitive battery ma-

terials, serving as a blueprint for industrial equipment. Moreover, various battery prototypes, 

including coin and pouch cells, were manufactured according to established guidelines 18 to 

evaluate production processes and design concepts (CAO ET AL. 2019).  

Laboratory experiments were performed under controlled conditions to test the hypotheses and 

establish cause–effect relationships by collecting empirical data. Laser process studies were 

executed to investigate the laser–matter interaction, and the results were evaluated, amongst 

others, by confocal laser scanning microscopy (LSM), scanning electron microscopy (SEM), 

energy-dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD). Electrochemical 

test procedures, such as rate capability testing, lifecycle testing, and electrochemical impedance 

spectroscopy (EIS), were applied to analyze battery performance. Additionally, insights into 

degradation phenomena were obtained through incremental capacity analyses (ICAs) 19 and 

post-mortem investigations.  

Models as simplified system representations were implemented, involving a semi-empirical la-

ser process model for optimizing the machining rate and a Machine Learning (ML) approach 

for segmenting microscope images. A computational model was also developed to predict bat-

tery energy contents and allow for sensitivity analyses. Furthermore, production models were 

established to allow for the calculation of material throughputs and costs. 

Finally, the technological maturities of the proposed technologies were evaluated to assess the 

industrial viability of the research contributions. The TRL analysis incorporated key perfor-

mance indicators (KPIs) identified within the publications, covering both process-related crite-

ria, such as repeatability, throughput, and industrial feasibility, and product-related criteria, in-

cluding battery quality and performance.  

The evaluation framework used in the TRL analysis is presented in detail in Section 6.2. 

 
16 SNYDER (2019) classifies literature review types into systematic, semi-systematic, and integrative approaches. An integrative 

approach assesses, critiques, and synthesizes literature to facilitate novel frameworks and perspectives. 
17 Prototyping is an innovation step, approximating system or product features by creating an item (CAMBURN ET AL. 2017). 
18 The battery prototypes under study included symmetrical cells and full cells (NOELLE ET AL. 2020), fabricated in either 

coin cell (MARKS ET AL. 2011, MURRAY ET AL. 2019) or prismatic pouch bag (DAI & CAI 2022, GARAYT ET AL. 2023) formats. 
19 An ICA is a diagnostic technique for evaluating battery aging mechanisms by analyzing the differential capacity (dQ/dV) 
versus voltage (V) curve. The resulting graphs allow to categorize the degradation phenomena into loss of lithium inven-

tory (LLI), loss of active material (LAM), and resistance increase (RI) (BIRKL ET AL. 2017, PASTOR-FERNÁNDEZ ET AL. 2017). 
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1.4 Thesis structure 

This thesis comprises seven distinct chapters, aiming at comprehensively exploring the research 

topic. Chapter 1 motivates the research topic, outlines the broader scope of the thesis, and 

presents a working hypothesis together with superordinate RQs. Moreover, the DRM is intro-

duced as the methodological framework of this work. Chapter 2 provides background 

knowledge on battery technology and laser materials processing. Chapter 3 reviews the state 

of the art on laser micro-processing in battery production, focusing on laser-based techniques 

for component separation and surface modification. The chapter concludes by deducing six 

concrete RGs that clarify the necessary actions for this work. In Chapter 4, the research ap-

proach is outlined, stating specific ROs and assigning them to fields of action to close the iden-

tified literature deficiencies. Chapter 5 constitutes the centerpiece of this work, recapitulating 

the nine publications contributing to the application of laser micro-processing techniques in 

battery manufacturing. The results from LIB production are presented first, followed by a dis-

cussion of the use of laser technology in manufacturing ASSBs. Chapter 6 subsumes and crit-

ically reflects the research findings, evaluating them against existing scholarly work and ex-

ploring limitations. A technical evaluation of the developed processes is also conducted. Fi-

nally, Chapter 7 offers a conclusive summary and outlines future research directions for the 

transferability of the scientific insights. 
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2 Fundamentals 

This chapter provides domain-specific knowledge on battery and laser technology, which is 

necessary for comprehension of the state of the art. Subsection 2.1.1 introduces the general 

designs and functioning principles of LIBs and ASSBs. Subsequently, Subsection 2.1.2 con-

centrates on critical metrics for evaluating the performance and commercial feasibility of bat-

tery technologies. Then, the peculiarities of essential electrolyte types and active materials are 

detailed in Subsections 2.1.3 and 2.1.4, respectively. The significance of interfaces and inter-

phases between the individual battery constituents, critical determinants for battery functional-

ity, is explored in Subsection 2.1.5. Finally, Subsection 2.1.6 presents relevant process chains 

and methods for battery production. Throughout these subsections, commonalities and differ-

ences between ASSBs and LIBs are highlighted. Section 2.2 provides an overview of the basics 

of laser materials processing. Subsection 2.2.1 describes the central components of laser units. 

Next, Subsection 2.2.2 explains the most critical laser parameters, focusing on pulsed laser op-

eration. The interaction of laser radiation with matter and the underlying physical mechanisms 

of laser material removal are reviewed in Subsection 2.2.3. Lastly, Subsection 2.2.4 consoli-

dates relevant laser micro-processing techniques and comments on their scalability.  

2.1 Lithium-ion and all-solid-state batteries 

John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino jointly received the Nobel 

Prize in Chemistry 2019 for their pioneering work on LIBs (THE ROYAL SWEDISH ACADEMY 

OF SCIENCES 2019). This prestigious recognition underscores the importance of LIBs as the 

leading rechargeable electrochemical energy storage solution. While LIBs currently dominate 

the battery landscape, various next-generation battery technologies are under research due to 

the promise of enhanced performance (PLACKE ET AL. 2017). Although most alternative battery 

concepts remain in the early stages of development, notable progress has been made in advanc-

ing ceramic ASSBs to mid-level technological maturity, indicating their potential for commer-

cialization in the near future (VARZI ET AL. 2020).  

This section outlines the basic principles of the lithium-based battery types considered in this 

thesis, using the well-established LIB technology as a reference point to highlight the advance-

ments introduced by the shift to ASSBs. 

2.1.1 Design and working principle 

Batteries store electrical energy in chemical form and release it through a controlled, thermo-

dynamically favorable reaction (HAYNER ET AL. 2012, p. 449). While primary batteries do not 

allow restoring chemical energy after its conversion to electrical energy, secondary batteries 20 

 
20 The technically correct denotation for a secondary battery is accumulator (STERNER & STADLER 2019, p. 241). For simplicity, 

this thesis also adopts the term battery for rechargeable electrochemical energy storage types, following the linguistic usage in 

English scientific literature. 
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are rechargeable due to reversible electrochemical reactions (PINKWART & TUEBKE 2012, p. 3 

f.). Electrochemical cells are the smallest functional units of a battery and rely on the working 

principle of a galvanic element 21 (PINKWART & TUEBKE 2012, pp. 6 – 8). An electrochemical 

cell comprises a redox system of two half-cells with different electrochemical potentials that 

are ionically connected via an electrolyte. Locally separating oxidation and reduction reactions 

allows the generation of an electric current through an external electrical circuit, while ions are 

transported through the cell’s electrolyte (PINKWART & TUEBKE 2012, p. 6 f.). Within a battery, 

many electrochemical cells are electrically connected in parallel or in series to achieve the de-

sired capacity and voltage, respectively (TARASCON & ARMAND 2001). 

Lithium-ion cells follow the basic structure described above, entailing porous positive and neg-

ative electrodes called cathode and anode 22, respectively (see Figure 2.1, a). The central elec-

trode constituents are active material particles acting as hosts for the reversible storage of lith-

ium ions (TARASCON & GUYOMARD 1993). The most common battery chemistry involves lay-

ered graphite as the anode active material (AAM) and a lithium metal oxide (Li𝑀O2) as the 

cathode active material (CAM) (TARASCON & ARMAND 2001). Thereby, 𝑀 is one or a combi-

nation of multiple transition metals, such as nickel (Ni), manganese (Mn), or cobalt (Co). These 

insertion materials enable the alternate intercalation and deintercalation of lithium ions 23, fol-

lowing a rocking-chair mechanism (TARASCON & ARMAND 2001). Polymeric binders provide 

mechanical stability to the electrode active material particles by securing their adhesion to the 

current collectors (HASELRIEDER ET AL. 2015) and cohesion between them (BILLOT ET 

AL. 2020). The latter is particularly critical during the expansion and contraction of the active 

material particles caused by lithium de/-intercalation (ARMAND ET AL. 2020). Additionally, 

electrodes incorporate conductive additives, like carbon black, to form an electrically conduc-

tive network (VUORILEHTO 2018, p. 23). Since binders and conductive additives do not contrib-

ute to the energy storage, their quantities are kept low, typically between 2 and 8 wt% for bind-

ers and between 1 and 5 wt% for conductive additives (VUORILEHTO 2018, p. 23). To facilitate 

electrical current flow, aluminum and copper collector foils act as substrates for the anode and 

cathode coatings, respectively. An electrolyte-permeable separator prevents electrical short-cir-

cuiting by physically and electrically isolating the electrodes. LE saturates the separator and 

electrode pores, providing ionic conduction between the anode and the cath-

ode (VUORILEHTO 2018, p. 23). Battery constituents that do not actively contribute to the en-

ergy storage are called passive or inactive materials. Ultimately, the selection of active and 

inactive materials determines the cell characteristics, making LIBs a highly versatile  

technology (ARMAND ET AL. 2020). 

Lithium ions (Li+) migrate from the cathode to the anode through the electrolyte during charg-

ing due to an applied potential difference. Simultaneously, electrons (e−) traverse an external 

electrical circuit due to the electrolyte’s electronically insulating properties (GOODE-

NOUGH 2014). This process is reversed during discharging, where the electrons perform work. 

 
21 In colloquialism, battery and cell are often used synonymously to refer to electrochemical energy storage systems. This thesis 

follows the original meaning, where a cell denotes a fundamental electrochemical unit based on the principle of a galvanic 

element, whereas a battery is a practical power source comprising an assembly of multiple electrically connected cells. 
22 In this thesis, the standard electrochemical convention is adopted, defining the anode and cathode based on the reactions 

occurring at each electrode during discharge. The cathode, where the reduction reaction happens, is the positive electrode, 

while the anode, where the oxidation reaction occurs, is the negative electrode. During charging, these roles reverse, with the 

anode becoming the site of reduction and the cathode becoming the site of oxidation, enabling the reversible nature of the 

electrochemical reaction. (HAYNER ET AL. 2012, p. 449)  
23 In chemistry, intercalation is the reversible introduction of ions or molecules into a host structure (JULIEN ET AL. 2016, p. 69).  
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Equations 2.1 and 2.2 exemplify the underlying electrochemical reactions for graphite (C) as 

AAM and lithium cobalt oxide (LiCoO2) as CAM, with 𝑥 (0 ≤ 𝑥 ≤ 1) being the stoichiometric 

factor of lithium in the reactions (GOODENOUGH & PARK 2013): 

Negative electrode: Li𝑥C
discharge

⇌
charge

C + 𝑥Li+ + 𝑥e− 2.1 

Positive electrode: Li1−𝑥CoO2 + 𝑥Li
+ + 𝑥e−

discharge
⇌

charge
LiCoO2 2.2 

The design and function of the electrochemical cells in ASSBs are closely related to those of 

LIBs, whereas an SE substitutes the LE as the lithium-ion conductor. Between the electrodes, 

a dense SE layer replaces the microporous separator of a lithium-ion cell to isolate the elec-

trodes electrically and physically (see Figure 2.1, b). Using SEs enables multiple novel battery 

chemistries and cell designs (MANTHIRAM ET AL. 2017). Most significantly, SEs are expected 

to facilitate metallic lithium as AAM (cf. Subsections 2.1.4 and 2.1.5). Transitioning from in-

sertion materials to LMAs changes the operational mechanism from de-/intercalation to Li+ 

plating/stripping, which denotes the deposition and dissolution of lithium in the absence of a 

host structure (WU ET AL. 2018). Consequently, Li+ ions are plated at the anode during charging 

and, vice versa, are stripped while discharging (JULIEN ET AL. 2016, p. 29):  

Lithium anode: 𝑥Li
discharge

⇌
charge

𝑥Li+ + 𝑥e− 2.3 

The electrochemical reaction at the cathode is analogous to Equation 2.2 as long as an interca-

lation material is maintained as CAM. To ensure adequate ionic transport, CAMs are usually 

integrated with SEs as well as binding and conductive agents within dense composite cathodes. 

 

Figure 2.1:  Schematic illustrations of (a) a lithium-ion battery (LIB) cell and (b) a ceramic all-solid-state battery 

(ASSB) cell with a lithium metal anode (LMA) are shown. The electrical connections required for 

current flow and the binding additives in the electrodes are not depicted for simplicity reasons. The 

figure was adapted from PLACKE ET AL. (2017). 
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2.1.2 Performance metrics  

In the following, selected battery performance parameters are introduced. To maintain brevity, 

an in-depth derivation of equations is omitted here, and the reader is kindly referred to funda-

mental literature, such as NEWMAN & BALSARA (2021), for further information. 

Voltage, current, and power 

The open-circuit voltage (OCV) is the thermodynamic battery voltage in a state without current 

flow (STERNER & STADLER 2019, p. 236) and is determined by the electrochemical electrode 

potentials 24 (HAYNER ET AL. 2012, p. 447). Batteries exhibit characteristic voltage curves dur-

ing discharging and charging, accounting for a shifting potential difference between the anode 

and the cathode (HAYNER ET AL. 2012, p. 448). The voltage range during charging and dis-

charging is restricted by upper and lower cut-off voltages depending on the respective cell 

chemistry. The cathode potential 𝜑c,0 and the anode potential 𝜑a,0 dictate the cell equilib-

rium voltage 𝑈0 (STERNER & STADLER 2019, p. 231):  

 𝑈0 = ∆𝜑0 = 𝜑c,0 − 𝜑a,0 2.4 

The practical voltage output of a battery 𝑈 deviates from the OCV due to polarization by tem-

perature- and current-dependent overpotentials, increasing the cell potential during charging 

while lowering it during discharging (GOODENOUGH & PARK 2013). The total polarization com-

prises ohmic, diffusion, and activation overpotentials 25 (NYMAN ET AL. 2010).  

The electrical current 𝐼 determines the flow of electrons released by the redox reaction in a 

battery (STERNER & STADLER 2019, p. 230). Enabling high currents is one of the main goals in 

battery development, as they benefit fast charging and discharging. The power delivered by a 

battery results from the current 𝐼 and voltage 𝑈 (PINKWART & TUEBKE 2012, p. 21): 

 𝑃 = 𝐼 ∙ 𝑈 2.5 

Capacity and energy 

The nominal capacity 𝑄0 describes the charge quantity stored in a battery and is usually evalu-

ated by discharging at defined conditions between upper and lower voltage limits. The 

state of charge (SOC) refers the available battery capacity to its nominal capacity, whereas 

fully charged and discharge states correspond to SOCs of 100 % and 0 %, respectively 

(STERNER & STADLER 2019, p. 297). While, for battery testing, discharging is usually per-

formed in a constant current (CC) step, charging often also comprises a constant voltage (CV) 

phase. In the CV step, the voltage is maintained at the upper voltage limit while the current 

gradually decreases until falling below a predefined threshold (STERNER & STADLER 2019, 

p. 298). The electric current is commonly specified as C-rate, allowing to compare the perfor-

mances of differently-sized batteries by relating the current flow to the nominal battery  

capacity:  

 𝐶‐ 𝑟𝑎𝑡𝑒 = 𝐼 ∙ 𝑄0
−1 2.6 

 
24 The electrode potentials are usually specified in relation to the standard hydrogen electrode (SHE), a reference electrode 

with a defined potential of zero volts under standard conditions (STERNER & STADLER 2019, p. 231).  
25 Activation overpotentials arise from the energy required to initiate electrochemical reactions. Moreover, diffusion overpo-

tentials result from concentration gradients in the electrolyte or solid phase, while ohmic overpotentials are due to limited 

charge carrier transport in the liquid and solid media. (NYMAN ET AL. 2010, PINKWART & TUEBKE, p. 19 f.)   
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The C-rate is the inverse of a battery’s theoretical discharge or charge time and serves as a 

metric for determining how quickly a battery can be charged or discharged 26 (PINKWART & 

TUEBKE 2012, p. 22). As the nominal capacities of laboratory ASSBs are usually not explicitly 

known, current densities are sometimes preferred instead of C-rates (RANDAU ET AL. 2020). 

The energy of a battery is calculated from its nominal capacity and average discharge volt-

age 𝑈avg:  

 𝐸 = 𝑄0 ∙ 𝑈avg 2.7 

The energy contents of different batteries are referenced to their mass or volume to allow their 

comparison, yielding the specific energy 𝐸spec and the volumetric energy density 𝐸vol, respec-

tively (BETZ ET AL. 2019) 27. Besides that, battery costs are often provided per unit of stored 

energy, enabling to benchmark the economic feasibility of various battery technologies (PINK-

WART & TUEBKE 2012, p. 26).  

Cycle and storage lifetime 

A battery’s cycle lifetime refers to the charge–discharge cycles which it can undergo until only 

80 % 28 of its initial reversible capacity remain (GOODENOUGH & PARK 2013, p. 22). Life cycle 

tests are normally executed at defined temperatures and rates. The Coulombic efficiency (CE) 

𝜂c quantifies a battery’s capacity decay, which allows for monitoring the magnitude of side 

reactions and predicting battery lifetime (BURNS ET AL. 2013). The CE is defined by the capac-

ity of the 𝑛th discharge 𝑄dis divided by the capacity of the 𝑛th charge 𝑄ch (YANG ET AL. 2018a): 

 𝜂c = 𝑄dis ∙ 𝑄ch
−1 ∙ 100% 2.8 

While LIBs reach CEs close to 100 % (YANG ET AL. 2018a), the CEs of ASSBs are often still 

lower (RANDAU ET AL. 2020). Batteries not only deteriorate during operation but also during 

storage, which is taken into account by specifying a shelf life (JULIEN ET AL. 2016, p. 17).  

Safety 

Finally, it is essential to operate batteries without risking fire, explosion, or leakage under both 

standard and stressful conditions (PINKWART & TUEBKE 2012, p. 25 f.). For instance, hazards 

include thermal runaways and fire propagation to neighboring batteries (BATES ET AL. 2022). 

Depending on the intended application, commercial batteries are subject to safety standards that 

assess risks related to thermal, mechanical, or electrical abuse (JAGUEMONT & BARDÉ 2023, 

pp. 15 – 17). Incidents can severely damage a cell manufacturer’s reputation (ORENDORFF ET 

AL. 2011; WANG ET AL. 2019a). 

An anticipated advantage of ASSBs is their enhanced safety by replacing volatile and flamma-

ble LEs with thermally stable ceramic SEs (JANEK & ZEIER 2016). Although the extent of these 

safety improvements is controversially debated in the literature (BATES ET AL. 2022; INOUE & 

MUKAI 2017), diverse studies have demonstrated the safe operation of ASSBs after their delib-

erate exposure to mechanical or thermal stress (BI ET AL. 2021; SUN ET AL. 2020). 

 
26 For instance, charging at 1 C means that a battery is charged at a current rate that will fully charge it within one hour, while 

charging at 0.5 C correlates to a charging time of two hours. 
27 As an example, the volumetric energy density and specific energy of a Tesla 4680 cell by 2023 are estimated to be  

622 Wh ∙ l−1 and 233 Wh ∙ kg−1, respectively (ANK ET AL. 2023). 
28 The employed capacity limit might vary depending on the specific application, with 80 % being the standard for EV use.  
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2.1.3 Liquid and solid electrolytes 

The primary distinction between LIBs and ASSBs lies in the substitution of LEs by SEs. The 

latter are electronically insulating solids with a structure that facilitates the mobility and selec-

tive transport of charged ions (VARZI ET AL. 2016). SEs offer several potential advantages over 

LEs, such as the elimination of leakage concerns, compatibility with alternative active materi-

als, a broader operational temperature spectrum, and the ability to leverage alternative pro-

cessing technologies (KNAUTH & TULLER 2002, p. 1654). With early works on solid-state ionics 

dating back to the 19th century, SEs have since found applications in various electrochemical 

devices, including sensors, fuel cells, and batteries (KNAUTH & TULLER 2002, p. 1655).  

To suitably replace LEs, SEs must attain ionic conductivities comparable to those of LEs at 

working temperatures to facilitate the necessary current flow reaching high battery power out-

puts (XU 2014, p. 11505). Besides that, SEs must possess a wide electrochemical stability win-

dow (ESW) 29, a high electronic area-specific resistance, a low ionic grain-boundary re-

sistance 30, chemical compatibility with other cell components, robust thermal stability, and fa-

vorable mechanical properties (FAN ET AL. 2018, p. 3; MANTHIRAM ET AL. 2017, p. 3). Further-

more, attributes like low cost, availability 31, ease of processing, and environmental friendli-

ness 32 are essential electrolyte characteristics (MANTHIRAM ET AL. 2017, p. 3).  

The following paragraphs explore the transport mechanisms of Li+ ions in SEs and compare 

them to their liquid counterparts. Moreover, the most promising ceramic SEs and their charac-

teristics are delineated, focusing on oxidic SEs as the preferred material system in the context 

of this thesis. For a comprehensive review of SEs and their performance characteristics, the 

readers are kindly referred to KNAUTH (2009), FERGUS (2010), and MANTHIRAM ET AL. (2017). 

Classification of electrolytes 

Contemporary electrochemical literature typically classifies SEs into organic polymers and in-

organic ceramics. PEs involve solvent-free salt solutions embedded in a polymer matrix, ex-

hibiting sufficient mechanical stability to be considered solid at a macroscopic level. Polyeth-

ylene oxide (PEO) is the most prominent polymeric basis, with only few viable alternatives 

available (MINDEMARK ET AL. 2018). However, PEO-based PEs face diverse challenges, such 

as low ionic conductivities at room temperature (AGRAWAL & PANDEY 2008), narrow 

ESWs (YANG ET AL. 2020c), and poor thermodynamic stability against lithium (LI ET 

AL. 2001). Consequently, inorganic ceramic SEs are prioritized in this thesis, as they are more 

likely to achieve the ionic conductivities at moderate temperatures necessary for commercial 

applications, particularly in EVs (JANEK & ZEIER 2023).  

Inorganic ceramic SEs can be further categorized according to their chemical composition or 

crystal structure. The specific subgroups in a chemical classification can vary depending on the 

literature reference but generally include sulfide-based and oxide-based SEs (REDDY ET 

AL. 2020). The sulfidic SE group comprises compounds primarily containing lithium and sul-

fur, often complemented by phosphorus, silicon, germanium, or halides (SCHMALTZ ET 

 
29 The ESW of an electrolyte defines the voltage range within which it remains stable without undergoing reduction or oxida-

tion (STERNER & STADLER 2019, p. 288).  
30 Grain boundary resistances are ionic resistances encountered at crystallite interfaces in polycrystalline SEs, acting as a barrier 

for charge carrier movement (FLEIG & MAIER 1998).  
31 Some SEs contain critical raw materials featuring potential supply risks (TROY ET AL. 2016). 
32 For example, life cycle analyses by TROY ET AL. (2016) and SCHREIBER ET AL. (2023) compare the environmental impact of 

ASSBs with oxide-ceramic SEs. 
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AL. 2022, p. 36). In contrast, oxidic SEs encompass diverse compounds containing lithium and 

oxygen, along with phosphorus, titanium, aluminum, lanthanum, germanium, zinc, or zirco-

nium (SCHMALTZ ET AL. 2022, p. 32). From a materials science perspective, inorganic SEs are 

technical ceramics 33 that can exhibit varying degrees of crystallinity, from fully crystalline to 

partially crystalline and amorphous forms (FERGUS 2010). The ceramic nature of inorganic SEs 

is critical for their processability using laser radiation. Consequently, the term ceramic is pre-

ferred over inorganic to describe such SEs throughout this thesis (cf. Subsections 2.2.3  

and 3.1.3).  

The hardness and chemo-mechanical 34 of ceramic SEs make it challenging to establish and 

maintain intimate interfacial contact with adjacent cell materials (cf. Subsection 2.1.5). As a 

potential solution, hybrid solid–solid or solid–liquid concepts, which combine various 

electrolyte types, are being explored (JANEK & ZEIER 2023). In almost-solid-state batteries, 

adding a small amount of LE to ceramic SEs yields quasi-solid 35 electrolytes. The LE fraction, 

typically below 5 wt%, fills residual voids and serves as an interfacial agent that increases the 

electrochemically active area (HUO & JANEK 2023). When PEs are mixed with LEs, gel 

electrolytes are formed, whereas it is estimated that the resulting semi-solid-state batteries 

currently comprise around 10 − 15 wt% of LEs (HUO & JANEK 2023). Finally, hybrid SEs are 

composed of at least two distinct lithium-ion conducting solid materials (KELLER ET AL. 2018). 

In hybrid battery concepts, some drawbacks of individual electrolytes, such as poor interfacial 

contact with ceramic SEs, are mitigated. However, new challenges emerge, particularly 

regarding the chemical and electrochemical stability between the different electrolyte types 

(RIPHAUS ET AL. 2019). Figure 2.2 displays a potential subcategorization of diverse electrolyte 

types, along with the corresponding battery technologies and the liquid weight fractions 

contained therein. 

Figure 2.2:  The leading electrolyte categories are presented, including hybrid types formed by combining elec-

trolytes from different groups. The combination of various electrolyte types gives rise to different 

battery technologies. The figure was adapted from illustrations by KELLER ET AL. (2018), VARZI ET 

AL. (2016), and HUO & JANEK (2023).  

 
33 Technical ceramics are synthetic compounds of metallic and non-metallic elements. They are usually composed of a defined 

set of engineered phases with low impurity levels, resulting in highly controllable properties (SHARMA ET AL. 2023). 
34 Chemo-mechanical phenomena are based on the interactions between chemical processes and mechanical responses. A typ-

ical example in the ASSB domain is the explansion of CAM particles during lithium intercalation, which induces mechanical 

stress within the electrode (KOERVER ET AL. 2018). 
35 The terms semi-solid and pseudo-solid are used alternatively for quasi-solid in scientific linguistics (HUO & JANEK 2023).  

 

Inorganic ceramic solid electrolyte

Structure

• Crystalline

• Semi-crystalline

• Amorphous

Composition

• Sulfidic

• Oxidic

• …

Electrolyte type Battery type

Quasi-solid 

electrolyte

Gel 

electrolytes

Hybrid solid 

electrolyte

Organic polymer electrolyte

Liquid fraction

 25 wt%

 10 − 15 wt%

 5 wt%

0 wt%

Liquid electrolyte

Semi-solid-state

battery

Lithium-ion

battery

All-solid-state

battery

Almost-solid-

state battery



16 2  Fundamentals 

 

Ionic transport 

Regardless of the exact battery chemistry and application, electrolytes serve as the medium for 

ion transfer between electrodes (XU 2004, p. 4303). In commercial LIBs, LEs typically consist 

of a solution of a lithium salt, such as lithium hexafluorophosphate (LiPF6), dissolved in a mix-

ture of organic solvents 36 (VUORILEHTO 2018, p. 23). The ionic conduction mechanism of LEs 

relies on the migration of solvated ions through the liquid medium (XU 2004, p. 4319). Contra-

rily, ions move through the crystallographic framework of ceramic SEs by hopping between 

vacant crystal sites (REDDY ET AL. 2020, p. 3). While idealized crystalline structures do not 

offer space for ion diffusion, ceramic SEs exhibit structural disorder that generates point defects 

acting as vacancies 37 (REDDY ET AL. 2020, p. 3). In an electric field, charged ions relocate from 

one lattice site to neighboring vacancies, resulting in ionic conduction (REDDY ET AL. 2020, 

p. 3). Efficient ionic conduction in SEs is facilitated by a high number of available sites for 

mobile ions, low migration barrier energies, and continuous diffusion pathways between avail-

able sites (MANTHIRAM ET AL. 2017).  

The total conductivity 𝜎 of a material is given by 

 𝜎 = ∑ (𝑛𝑗 ∙ 𝑞𝑗 ∙ 𝜇𝑗)𝑗 ,  2.9 

with the concentration 𝑛𝑗 , the mobility 𝜇𝑗, and the charge 𝑞𝑗 of the conducting species 𝑗 (SUN 

ET AL. 2017, p. 364). The total conductivity of a mixed conducting material results from partial 

conductivities of both the ionic conductivity 𝜎i via ionic charge carriers and the electronic con-

ductivity 𝜎e via electronic charge carriers (KNAUTH & TULLER 2002, p. 1658): 

 𝜎 = 𝜎i + 𝜎e 2.10 

Ion conduction of LEs arises from the oriented movement of cations and anions, as these ions 

can be coordinated by solvents (XU 2004, p. 4318). However, electronic conductivity is un-

wanted in electrolytes because only the cationic current, specifically the movement of Li+ ions 

in lithium-based batteries, contributes to their functionality.  

The ionic transference number 𝑡i quantifies the electrochemically applicable conductivity 

within a cell (XU 2014, p. 11506): 

 
𝑡i =

𝜎i
𝜎e + 𝜎i

 2.11 

A higher transference number indicates that a greater portion of the total charge is carried by 

cations, which eliminates concentration gradients and makes ion conduction more efficient in 

practical applications (YANG & WU 2022). LEs achieve ionic conductivities of  

5 − 10 mS ∙ cm−1 at room temperature (XU 2014, p. 11505) with ionic transference numbers 

of 0.2 − 0.5 (FAN ET AL. 2018). In PE, ion conduction primarily occurs through the segmental 

motion of polymer chains, which generates free volumes facilitating the migration of lithium 

ions (XU 2004, p. 4406). Due to this mechanism, their ionic conductivities are limited to around 

0.1 mS ∙ cm−1 at ambient temperatures (JANEK & ZEIER 2023). Since polymer chains exhibit 

 
36 Commonly used solvents involve ethylene carbonate (EC), dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), and 

diethyl carbonate (DEC) (VUORILEHTO 2018, p. 23). 
37 Frenkel defects and Schottky defects are mainly discussed. Frenkel defects are the displacement of atoms from their lattice 

position to an interstitial site, while Schottky defects rely on the creation of vacancies by oppositely charged ions leaving their 

lattice sites (YANG & WU 2022). 
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greater mobility in amorphous regions, operating them above the glass transition temperature 38 

significantly enhances the ionic conductivities of PEs (ZHANG ET AL. 2017, p. 4141). However, 

maintaining temperatures of 60 °C or higher may not be practical for many applications (JANEK 

& ZEIER 2016). 

In ceramic SEs, significant activation energies must be overcome for ion migration, making 

their ionic conductivity also temperature-dependent, typically following an Arrhenius-type re-

lation (BACHMAN ET AL. 2016, p. 144). Nevertheless, ceramic SEs with room-temperature ionic 

conductivities surpassing 1 mS ∙ cm−1 have been developed (REDDY ET AL. 2020, p. 33), posi-

tioning them as viable alternatives to LEs. The ionic conductivity of ceramic SEs depends on 

various factors, including their exact composition, elemental doping, and the specific synthesis 

and manufacturing techniques employed (BUCHARSKY ET AL. 2016; MA ET AL. 2022). Unlike 

LEs, ceramic SEs are single-ion conductors that selectively transport Li+ ions, enabling them 

to achieve nearly unity ionic transference numbers (𝑡i  1) (REDDY ET AL. 2020, p. 3). This 

characteristic is a distinct advantage, making ceramic SEs comparably conductive to LEs with 

two to five times as high ionic conductivities (BACHMAN ET AL. 2016, p. 144).  

In practice, the performance of ASSBs is not solely determined by the ionic conductivity of the 

SE but also by the overall component architecture. For a pure SE membrane without additional 

constituents or pores, the area-specific resistance (ASR) 𝑅A results from its thickness 𝐿 and the 

material’s ionic conductivity 𝜎i  39 (SCHNELL ET AL. 2019): 

 
𝑅A =

𝐿

𝜎i
 2.12 

Therefore, in addition to utilizing SEs with high ionic conductivities, it is also paramount to 

minimize the separator layer thickness. Thinner separators are also favorable to achieving 

higher energy densities, provided their mechanical integrity is maintained (JIANG ET AL. 2020). 

Ceramic solid electrolytes 

This paragraph focuses on the main characteristics of sulfide- and oxide-ceramic SEs, using 

well-known examples as references. For detailed information on specific materials, the readers 

are encouraged to consult the literature reviews by BACHMAN ET AL. (2016) and KIM ET 

AL. (2021). 

Due to their high room-temperature ionic conductivities of up to 10 mS ∙ cm−1, a significant 

portion of the scientific discussion focuses on sulfidic SEs (JANEK & ZEIER 2023). The most 

important sulfidic SEs involve crystalline thio-lithium superionic conductors (LISICON), such 

as ceramic Li10GeP2S12 (LGPS) and Li10SiP2S12 (LSPS) , crystalline argyrodite-type 

Li6(P, Sb)S5𝑋 (𝑋 = halogen) materials, including Li6PS5Cl (LPSCl), and glass-ceramic 

Li7P3S11 (LPS) 40 (KIM ET AL. 2021, p. 9). The moderate Young’s moduli of sulfidic SEs around 

20 MPa make them soft and ductile, facilitating easy compaction and ensuring stable contact 

with other cell materials by pressurization (SAKUDA ET AL. 2013; SEDLMEIER ET AL. 2022).  

A major obstacle for commercializing sulfidic SEs is their poor air stability, as they undergo 

 
38 At the glass transition temperature, the physical properties of polymers are significantly altered as their chain segments be-

come mobile (ZHANG ET AL. 2017, p. 4141). 
39 Experimentally, the ionic conductivities of battery components can be determined by EIS (REDDY ET AL. 2020, p. 7) 
40 Li7P3S11 is a variant of the general binary system described by (100 − 𝑥)Li2S − 𝑥P2S5 with 0 ≤ 𝑥 ≤ 100 (KIM ET AL. 2021). 
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hydrolysis at ambient conditions, releasing toxic H2S gas (MURAMATSU ET AL. 2011). 

Only few oxidic SEs feature ionic conductivities that exceed 1 mS ∙ cm−1. Among the most 

promising oxidic SEs are Li1+𝑥Al𝑥Ti2−𝑥(PO4)3 (LATP), with a Sodium (Na) Super Ionic Con-

ductor (NaSICON) structure, and the garnet-type Li7La3Zr2O12 (LLZO) (BALAISH ET 

AL. 2021). LATP and LLZO possess a polycrystalline microstructure characterized by grains 

and grain boundaries (REDDY ET AL. 2020). Their ionic conductivities at ambient temperatures 

range from 0.1 to 1.0 mS ∙ cm−1, depending on factors such as composition, elemental doping, 

synthesis, and manufacturing parameters (BUCHARSKY ET AL. 2016; MA ET AL. 2022). Further 

well-known oxidic SEs are the NaSICON-type Li1+𝑥Al𝑥Ge2−𝑥(PO4)3 (LAGP) (DEWEES & 

WANG 2019) and the perovskite-type Li3𝑥La2/3−𝑥TiO3 (LLTO) (LU & LI 2021). 

Oxidic SEs are brittle by nature with Young’s moduli beyond 100 GPa, rendering them prone 

to fracturing (WOLFENSTINE ET AL. 2018). Although their stiffness complicates achieving 

proper interfacial contact with other cell constituents (KIM ET AL. 2021, p. 15), the mechanical 

rigiditiy of oxidic SEs is believed to inhibit lithium dendrite propagation (CAO ET AL. 2020). 

Additionally, oxidic SEs generally offer larger ESWs compared to sulfidic SEs, enabling the 

pairing of high-voltage CAMs with LMAs (ZHU ET AL. 2015; 2016). Particularly, LLZO re-

mains stable in contact with lithium (MA ET AL. 2016; SHARAFI ET AL. 2017b). A counterexam-

ple is LATP, which experiences a reduction of Ti4+ ions (HARTMANN ET AL. 2013), decreasing 

its ionic conductivity (XIAO ET AL. 2019). Most oxidic SEs, such as LATP and LLTO, exhibit 

greater air stability than sulfidic SEs, which simplifies their processing and reduces manufac-

turing costs (KIM ET AL. 2021, p. 12; XIAO ET AL. 2019). In contrast, LLZO requires controlled 

production conditions to prevent the formation of passivating compounds, such as lithium hy-

droxide (LiOH) and lithium carbonate (Li2CO3) (CHENG ET AL. 2014; SHARAFI ET AL. 2017a). 

The densities of SEs significantly surpass those of LEs, which requires consideration when 

targeting high specific energies. While LEs possess densities around 1.2 g ∙ cm−3 (BETZ ET 

AL. 2019), exemplary densities of SEs are around 1.6 g ∙ cm−3, 3.0 g ∙ cm−3, 5.1 g ∙ cm−3 for 

LPSCl (SEDLMEIER ET AL. 2022), LATP, and LLZO (MCCLOSKEY 2015), respectively. The per-

formance characteristics of oxidic and sulfidic SEs are comparatively depicted in Figure 2.3. 

Figure 2.3:  The radar plots qualitatively compare key properties of (a) oxidic and (b) sulfidic inorganic ceramic 

solid electrolytes (SEs), where a higher value correlates with improved characteristics. The figure was 

adapted from MANTHIRAM ET AL. (2017). 
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2.1.4 Electrode active materials  

Active materials are essential battery components, as they store electrical energy in chemical 

form. Critical properties for active materials include high specific energies, reversible and fast 

intercalation reactions, excellent electric and ionic conductivity, as well as thermal, structural, 

and electrochemical stability (STERNER & STADLER 2019, p. 283). In the following, the most 

important CAMs and AAMs are presented and their peculiarities for integration in electrodes 

are discussed.  

Cathode active materials 

Contemporary CAMs employed in commercial EVs mainly encompass transition metal oxides 

like LiCoO2 (LCO), LiNi𝑦Mn𝑧Co1−𝑦−𝑧O2 (NMC622), and LiNi0.8Co0.15Al0.05O2 (NCA), along 

with the phosphate LiFePO4 (LFP) (ANDRE ET AL. 2015). The most important electrochemical 

characteristics of CAMs are high reversible specific capacities and average de-/lithiation po-

tentials (ARMAND ET AL. 2020), which are listed in Table 2.1 for selected CAMs. Beyond the 

mass ratio of the individual components, key design parameters for conventional electrodes 

include the thickness and porosity 𝜀 of the electrode coating as well as the CAM mass loading 

𝑚CAM (GALLAGHER ET AL. 2015). High mass loadings and low porosities are targeted for high 

specific energies and energy densities (GALLAGHER ET AL. 2015). However, these electrode de-

sign parameters also dictate a battery’s electrochemical performance, necessitating careful con-

figuration (CHEN ET AL. 2010; GALLAGHER ET AL. 2015; SUTHAR ET AL. 2015). 

Akin to LIBs, intercalation CAMs 41 are the primary focus for ASSBs (SCHMALTZ ET AL. 2022, 

p. 30). Integrating CAM particles with SEs is necessary to form composite cathodes with ade-

quate ionic conductivity (MINNMANN ET AL. 2021). For optimal electrode performance, the 

CAM and SE particle sizes must be carefully matched to enable close packing and efficient 

contact between each other (BIELEFELD ET AL. 2019; CLAUSNITZER ET AL. 2023; MINNMANN ET 

AL. 2022). Ideal composite cathodes provide efficient ionic and electronic charge transport 

pathways, with a low impact of pores and insulating polymer binders (MINNMANN ET AL. 2021). 

In ASSBs with LMAs, the composite cathode is expected to dominate the specific energy and 

volumetric energy density due to its significant contribution to the overall cell weight and vol-

ume (JANEK & ZEIER 2023, p. 231).  

Table 2.1:  Based on data from ARMAND ET AL. (2020), this table presents an overview of selected cathode active 

materials (CAMs), including their practical specific capacities and mean potentials versus  

lithium (Li / Li+).  

Chemical formula Acronym Practical specific capacity 𝑸𝐦  Mean potential 𝑼𝐚𝐯𝐠 𝐯𝐞𝐫𝐬𝐮𝐬 𝐋𝐢/𝐋𝐢
+  

LiCoO2 LCO  150 mAh ∙ g−1  3.90 V 

LiFePO4 LFP  165 mAh ∙ g−1  3.45 V  

LiNi0.33Mn0.33Co0.33O2 NMC111  160 mAh ∙ g−1  3.70 V 

LiNi0.6Mn0.2Co0.2O2 NMC622  170 mAh ∙ g−1  3.70 V 

LiNi0.8Mn0.1Co0.1O2 NMC811  190 mAh ∙ g−1  3.70 V 

LiNi0.8Co0.15Al0.05O2 NCA  188 mAh ∙ g−1  3.70 V 

 
41 Conversion-type CAMs such as sulfur are also investigated but are excluded from consideration within the scope of this 

thesis due to the continuing fundamental electrochemical issues of such materials (DOERFLER ET AL. 2020, MANTHIRAM ET 

AL. 2013).  
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Anode active materials 

On the anode side of LIBs, similar design parameters as those used for the cathode are applica-

ble. The industry-dominating AAM is graphitic carbon, offering a decent specific capacity of 

around 370 mAh ∙ g−1, along with excellent electronic and ionic conductivities (ANDRE ET 

AL. 2017). Moreover, its low potential of 0.1 V versus Li / Li+ contributes to a high energy den-

sity. During initial cell operation, the solvents in LEs decompose reductively on the anode sur-

face and form the solid electrolyte interphase (SEI), a passivation layer with a thickness in the 

range of tens of nanometers (VERMA ET AL. 2010; XU 2004). Establishing a proper SEI in the 

first battery cycles prevents further secondary reactions during battery usage (cf. Subsec-

tion 2.1.6) (AN ET AL. 2016). Effective SEI films possess electronic insulating properties and 

remain impermeable to other electrolyte components besides Li+ cations (ARMAND ET 

AL. 2020) 

The low working potential makes graphite anodes prone to uncontrollable lithium deposition 

on their surface, a phenomena known as lithium plating 42 (VUORILEHTO 2018, p. 25). Lithium 

plating represents a principal degradation pathway in LIBs, contributing to capacity fade by the 

irreversible loss of lithium inventory (LLI) (VETTER ET AL. 2005). Additionally, lithium depo-

sition in dendritic form is safety-critical, as these branching peaks might cause short circuits 

and thermal runaways when punctuating the separator (VUORILEHTO 2018, p. 25). Lithium plat-

ing is promoted by various factors, including a low negative-to-positive areal capacity ra-

tio (N/P ratio) of the anode to the cathode 43 (ARORA ET AL. 1999; LIU ET AL. 2014), thick and 

dense anodes (SUTHAR ET AL. 2015), low temperatures slowing down lithium-ion kinetics 

(PETZL ET AL. 2015; PETZL & DANZER 2014), and high charging currents (BURNS ET AL. 2015; 

ZHANG ET AL. 2006). The susceptibility to lithium plating makes graphite anodes a primary 

bottleneck for the fast-charging capability of LIBs (WEISS ET AL. 2021).  

Li4Ti5O12 (LTO) is another commercially established AAM, delivering superior safety charac-

teristics due to its higher potential of 1.55 V versus Li / Li+ (ARMAND ET AL. 2020). Yet, its low 

specific capacity of 175 mAh ∙ g−1 restricts its usage to niche markets (ARMAND ET AL. 2020). 

Silicon is a promising alloying-type AAM due to its gravimetric capacity of 3579 mAh ∙ g−1 

(OBROVAC & CHEVRIER 2014, p. 11448). However, silicon particles experience substantial vol-

ume changes of around 300 % during lithium de-/intercalation (BEAULIEU ET AL. 2001), asso-

ciated with chemical and mechanical electrode degradation. The continuous breaking and refor-

mation of the brittle SEI results in poor cyclability (PELED & MENKIN 2017). Hence, mainly 

silicon–graphite blends are employed in commercial LIB applications (KWADE ET AL. 2018).  

Intercalation- and alloy-type AAMs, similar to those used in LIBs, can be combined with SEs 

and additives to form ASSB composite cathodes (NAM ET AL. 2018; YAMAMOTO ET AL. 2018). 

Silicon, in particular, has gained increasing attention for ASSB implementation (HUO & 

JANEK 2022) due to the ability of SEs to mitigate excessive SEI growth (LEWIS ET AL. 2022). 

Besides that, thin and compact silicon layers without SEs have also shown promising results 

(CANGAZ ET AL. 2020; TAN ET AL. 2021).  

 
42 Lithium plating occurs when the anode’s intercalation potential drops below the lithium potential (BUGGA & SMART 2010, 

LEGRAND ET AL. 2014), a phenomenon particularly observed in graphite anodes due to their lithium insertion potential being 

very close to the thermodynamic potential of Li / Li+ (65 − 200 mV) (LEGRAND ET AL. 2014).  
43 The areal capacity of the negative electrode is usually dimensioned to exceed that of the positive electrode to prevent lithium 

plating (N/P ratio > 1). The N/P ratio in commercial batteries is typically balanced between 1.03 and 1.20. (WU ET AL. 2019b)  
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Nevertheless, using LMAs remains the ultimate goal in ASSB research. Among the superior 

attributes of LMAs are a theoretic specific capacity of 3860 mAh ∙ g−1, the lowest electrochem-

ical potential of −3.04 V versus the standard hydrogen electrolyte (SHE), and a low density 𝜌 

of 0.53 g ∙ cm−3, allowing to reach high specific energies and energy densities (CHENG ET 

AL. 2017b). Given these advantages, lithium-based primary batteries with LEs were already 

developed in the 1970s (TARASCON & ARMAND 2001).  

However, incorporating LMAs in secondary batteries with flammable LEs led to hazardous cell 

failures due to lithium-dendrite-induced short circuits (GOODENOUGH 2014). Consequently, ef-

forts to commercialize rechargeable lithium metal batteries (LMBs) with LEs were abandoned 

after several safety incidents (GOODENOUGH 2014). Interest in LMAs was revived by advance-

ments in ceramic SEs, as their mechanical rigidity may inhibit lithium dendrite propagation. 

Some SEs also exhibit electrochemical stability with lithium (CHENG ET AL. 2017b), whereas 

LEs experience continuous side reactions when in contact with LMAs (NIU ET AL. 2021; WU 

ET AL. 2017).  

Despite these advancements, long-term evidence of the functionality of LMAs remains limited 

(JANEK & ZEIER 2023). Persistent challenges involve volume changes during operation, mor-

phological instabilities at the SE interface, and dendrite propagation (cf. Subsection 2.1.5) (LIN 

ET AL. 2017; LIU ET AL. 2019). LMAs can be formed in situ during the first charge cycle by 

electrodepositing lithium from the CAM onto a current collector (HEUBNER ET AL. 2021). Such 

anode-free cell designs promise high energy densities by omitting space-demanding lithium 

layers, but their cycle life is constrained by lithium-consuming side reactions (NANDA ET 

AL. 2021). In research, additional lithium is usually added during LMB assembly to compensate 

for the LLI, though minimizing these reservoirs is crucial in commercial batteries to reduce cost 

and increase energy density (ALBERTUS ET AL. 2018; SCHMUCH ET AL. 2018).  

2.1.5 Interfaces and interphases  

ASSBs encompass intrinsic and extrinsic interfaces within their structure (DIXIT ET AL. 2019). 

Intrinsic interfaces include grain–grain, grain–defect, and grain–void interfaces inherent to the 

material itself. Contrarily, extrinsic interfaces form at the junctions of different materials, which 

is the focus of the following discussion.  

Transporting charge carriers across interfaces presents one of the most significant hurdles for 

ASSBs, owing to the heterogeneous chemical, physical, and mechanical properties of the solid 

components and complex solid-to-solid interactions (BANERJEE ET AL. 2020). Unlike LEs, 

which can intimately connect cell components by infiltrating into voids, SEs cannot penetrate 

microstuctural gaps, resulting in imperfect physical contact between particles (BANERJEE ET 

AL. 2020). Long-term electrochemical performance is achieved by thermodynamically stable 

interfaces or the formation of robust interphases with high ionic conductivity and negligible 

electronic conductivity (XIAO ET AL. 2020). However, SEs tend to react with active materials at 

extreme potentials, forming non-passivating mixed ionic–electronic conducting inter-

phases (MCIs) that continuously decompose the SE (XIAO ET AL. 2020). Introducing artificial 

SEIs as protective coatings offers a promising solution to this issue (XIAO ET AL. 2020).  

The subsequent paragraphs discuss the main physical and electrochemical interfacial issues be-

tween active materials and SEs. For additional information, the readers are kindly referred to 

the review articles by CHEN ET AL.(2021a), XIAO ET AL. (2020), and BANERJEE ET AL. (2020). 
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Interface between the solid electrolyte and the cathode active material  

The interfaces between the various constituents of battery cathodes, such as CAM, SE, and 

conductive additive particles, largely govern their electrochemical capability. An efficient cath-

ode microstructure features a low share of non-conductive phases, which enables direct ion and 

electron transport (MINNMANN ET AL. 2021). Although elevated CAM fractions and electrode 

mass loadings are desirable for creating high-energy cathodes, they reduce the effective ionic 

conductivity and, consequently, diminish the power density.  

The tortuosity 𝜅 is a commonly used metric to quantify the impact of complex electrode micro-

structures on charge carrier transport. This parameter characterizes the convoluted pathways 

within a porous network and enables the calculation of effective transport properties (THORAT 

ET AL. 2009). Geometrically, the tortuosity is defined as the ratio of the actual charge transport 

pathway length to the shortest direct distance between two points (SHEN & CHEN 2007). The 

tortuosity allows to compute the effective conductivitiy 𝜎eff within an electrode as a function of 

the bulk conductivity 𝜎 and the volume fraction 𝜙 of the conducting phase (JANEK & 

ZEIER 2023; MINNMANN ET AL. 2021): 

 
𝜎eff =

𝜙

𝜅
∙ 𝜎 2.13 

In porous LIB electrodes, LEs permeate the voids, forming a percolating network for lithium-

ion transport. In contrast, all-solid composite cathodes feature multiple solid phases, isolated 

clusters, and voids, resulting in complex ion pathways (CLAUSNITZER ET AL. 2023; FROBOESE 

ET AL. 2019; JANEK & ZEIER 2023). The lithium-ion transfer in composite cathodes is restricted 

to regions where direct contact between CAM and SE particles occurs (FINSTERBUSCH ET 

AL. 2018). For practical CAM fractions of more than 60 %, the tortuosity of composite cathodes 

(MINNMANN ET AL. 2021) significantly surpasses that of LIB electrodes (HILLE ET AL. 2022a), 

making its reduction a major determinant for improving ASSB performance. Pores and binders 

within SE separators can also cause tortuous ion pathways, though this typically impacts the 

overall battery performance less than the composite cathode microstructure (DIXIT ET 

AL. 2019).  

During battery operation, volume changes from the expansion and contraction of CAMs during 

the intercalation and deintercalation of lithium ions result in chemo-mechanical stress 

(KOERVER ET AL. 2018; MUKHOPADHYAY & SHELDON 2014). While LEs can effectively ac-

commodate the local volume changes of CAM particles, solid-state composite cathodes face 

increased charge transfer resistances due to mechanical degradation by cracking and delamina-

tion (KOERVER ET AL. 2017; KOERVER ET AL. 2018; TSAI ET AL. 2019; WANG ET AL. 2019c). 

This issue is particularly pronounced for oxidic SEs, which exhibit greater mechanical hardness 

and brittleness than sulfidic SEs (SAKUDA ET AL. 2013). 

Interphase formation between CAM particles and SEs, caused by chemical or electrochemical 

reactions, entails increased interfacial resistance and capacity losses (KOERVER ET AL. 2018). 

This concern is especially critical for sulfidic SEs, given their narrow ESWs. However, oxide-

type SEs also form interphases when in contact with CAMs, especially at elevated temperatures 

(MIARA ET AL. 2016; REN ET AL. 2016), such as those encountered during sintering (cf. Subsec-

tion 2.1.6). In the case of LLZO, interphase formation has been observed during sintering and 

after actual battery operation (DELLUVA ET AL. 2020; IHRIG ET AL. 2022b). Conversely, evi-

dence of the stability of LATP under similar conditions was provided by YOSHINARI ET 
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AL. (2019). Implementing protective coatings that conduct lithium ions while blocking elec-

trons can mitigate diverse decomposition reactions (CULVER ET AL. 2019; OHTA ET AL. 2007).  

Interface between the solid electrolyte and the lithium metal anode 

The SE–LMA interface features several interrelated obstacles that are also influenced by the 

change of the anode volume associated with the buildup and depletion of metallic lithium. The 

interfacial chemistry might deteriorate the ion transfer across material boundaries, as in the case 

of Li2CO3 formation on LLZO (cf. Subsection 2.1.3) (SHARAFI ET AL. 2017b). Moreover, ele-

mental lithium reacts with atmospheric constituents (JEPPSON ET AL. 1978), forming inorganic 

native passivation layers (OTTO ET AL. 2021a). The poor electrical conductivity of such layers 

alters the thermodynamics and kinetics of reduction processes at the lithium–electrolyte inter-

face (KAMPHAUS ET AL. 2019). Another critical aspect is the limited electrochemical stability 

of numerous SEs upon contact with lithium (WENZEL ET AL. 2015; ZHU ET AL. 2015). This phe-

nomenon is particularly evident in sulfidic SEs, although LATP is also chemically reduced in 

contact with lithium, diminishing ionic conductivity (HARTMANN ET AL. 2013; XIAO ET 

AL. 2019). LLZO remains the exclusive SE that combines a satisfactory ionic conductivity with 

chemical stability to lithium (MURUGAN ET AL. 2007; ZHU ET AL. 2019a). Similarly to CAMs, 

applying protective coatings has emerged as a possibility to mitigate decomposition and reduce 

resistances at the SE–LMA interface (QUINTERO CORTES ET AL. 2020).  

Inadequate anode–electrolyte contact due to contamination layers, mismatching surface mor-

phologies, or deficiencies in cell assembly increases interfacial impedances (cf. Subsec-

tion 3.2.2) (KRAUSKOPF ET AL. 2020, p. 7760). Additionally, void formation during lithium 

stripping results in partial contact loss, raising the effective current density at the remaining 

contact points and the interface resistances (KOSHIKAWA ET AL. 2018). The incomplete filling 

of such voids during lithium plating can initiate a self-reinforcing mechanism, ultimately cul-

minating in cell failure (KASEMCHAINAN ET AL. 2019).  

Although ceramic SEs theoretically exhibit sufficient mechanical stability to resist lithium pen-

etration 44, they remain susceptible to dendrite growth in practical applications (LIU ET AL. 2021; 

REN ET AL. 2015). Notably, lithium filamentation has been observed along grain boundaries 

(CHENG ET AL. 2017a; TSAI ET AL. 2016) and within interconnected pores (REN ET AL. 2015; 

SHEN ET AL. 2018). In this context, the critical current density (CCD) serves as a descriptor for 

the stable operation of LMAs (JANEK & ZEIER 2023). Exceeding the CCD for lithium stripping 

and plating leads to pore formation and dendrite growth, respectively (KASEMCHAINAN ET 

AL. 2019).  

Strategies to augment the CCD involve increasing the stack pressure (DOUX ET AL. 2020; WANG 

ET AL. 2019b), the operation temperature (WANG ET AL. 2019d), and the effective LMA–SE 

contact area (HITZ ET AL. 2019). Nonetheless, CCDs are typically below 1 mA ∙ cm−2, which 

curtails the power density of LMBs (CAO ET AL. 2020; KRAUSKOPF ET AL. 2019b). The signifi-

cance of the LMA surface and methods for its targeted alteration are further discussed in Sub-

section 3.2.2.  

Figure 2.4 presents a graphical summary of the dominating interface-related phenomena. 

 
44 According to theoretical calculations by MONROE & NEWMAN (2005) based on linear elasticity theory, dendrite formation is 

suppressed if the shear modulus of the SE separator is at least twice that of lithium, which is around 3.4 GPa. For example, the 

shear modulus of LLZO, at around 55 GPa, surpasses this threshold by a significant margin (NI ET AL. 2012). 
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Figure 2.4:  The schematic highlights selected interface-related issues in all-solid-state batteries (ASSBs) con-

nected to the contact between the cathode active material (CAM) and the solid electrolyte (SE), as 

well as between the lithium metal anode (LMA) and the SE. The figure was adapted from  

JANEK & ZEIER (2023). 

2.1.6 Production chain and processes 

Batteries are complex electrochemical systems whose production involves numerous interde-

pendent process steps (TURETSKYY ET AL. 2020; WESTERMEIER ET AL. 2013). Decades of re-

search into the complex interactions between materials, cell designs, and production processes 

have driven continuous improvements in LIB technology. Over the years, researchers have in-

creasingly focused on high-throughput manufacturing technologies essential for scaling the LIB 

technology for automotive applications (KWADE ET AL. 2018). Recently, rising LIB demand has 

driven the announcement and construction of numerous cell factories (DUFFNER ET AL. 2021b; 

MAULER ET AL. 2021), making battery manufacturing one of the fastest-growing industries 

through 2030 (DUFFNER ET AL. 2021a). Concomitant, LIBs experienced a tremendous price 

drop from around 470 $ ∙ (kWh)−1 in 2013 to around 100 $ ∙ (kWh)−1 in 2021 (FRITH ET 

AL. 2023), with prices expected to fall below 70 US$ ∙ (kWh)−1  by 2030 45 (MAULER ET 

AL. 2022). The reduced battery cost is primarily attributed to economies of scale (MAULER ET 

AL. 2021) and advancements in the manufacturing processes (MAULER ET AL. 2022).  

Currently, ceramic ASSBs remain limited to niche applications, with no established process 

chain or industrial-scale production facilities for large-format ASSBs (FRITH ET AL. 2023). Be-

yond chemical and electrochemical material- and design-related issues, cost-competitive ASSB 

fabrication is a major hurdle for their widespread adoption. While polymer-based ASSBs are 

considered a drop-in technology for LIBs (SCHNELL ET AL. 2018), the industrial manufacture of 

ceramic ASSBs demands modified machinery, process environments, and manufacturing com-

petencies (DUFFNER ET AL. 2021b). The substantial deviations to the established LIB industry 

 
45 Cost forecasts may vary with raw material availability and the pace of technological innovation (MAULER ET AL. 2022). 
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necessitate research into production concepts and suitable process chains (HAO ET AL. 2018; 

SCHNELL ET AL. 2018).  

Automotive LIBs are typically produced as cylindrical cells, prismatic hardcase cells, or 

pouch cells, which differ in their internal structure (SCHROEDER ET AL. 2017). Cylindrical and 

prismatic hardcase cells incorporate a coiled jelly roll, while pouch cells contain stacked layers 

(WOEHRLE 2018, p. 108). In contrast, ASSBs lack standardized housing formats and are mainly 

fabricated as small-scale, single-layer laboratory prototypes. Generally, pouch cells are favored 

for ASSB development due to their simple assembly. However, pouch cells are also considered 

the most promising format for industrial-scale production of ceramic ASSBs, as they omit the 

folding of the mechanically brittle components and enable simple external pressurization (XU 

ET AL. 2020, p. 24).  

In the following, the process steps involved in state-of-the-art industrial LIB production 46 are 

explicated and compared to the envisioned production chain for oxide-ceramic ASSBs, which 

are the primary focus of this thesis. For information on the manufacturing of sulfidic ASSBs, 

readers are kindly referred to DUFFNER ET AL. (2021b) and TAN ET AL. (2022). The discussion 

uses pouch cell manufacturing as an example, given its high applicability for ceramic ASSBs. 

The focus is directed toward electrode production, cell assembly, and cell conditioning, which 

are the three main stages of battery manufacturing. Upstream processes such as raw material 

production and downstream battery module assembly are excluded from the consideration for 

reasons of scope. Figure 2.5 provides a step-by-step comparison of the production chains for 

LIBs and ASSBs. 

Lithium-ion battery production 

The first step in electrode production involves preparing electrode pastes, commonly known as 

slurries. These slurries are crafted by combining active material particles with binders, conduc-

tive additives, and solvents through dry and wet mixing (KRAYTSBERG & EIN-ELI 2016; KWADE 

ET AL. 2018). The solvent type is contingent upon the binder, with N-methyl-2-pyrrolidone 

(NMP) commonly employed for cathodes based on polyvinylidene difluoride (PVDF) and wa-

ter utilized for anodes incorporating carboxymethyl cellulose (CMC) mixed with styrene buta-

diene rubber (SBR) as the binder (KWADE ET AL. 2018). The resultant viscous slurries undergo 

continuous or intermittent slot-die coating at line speeds of up to 50 m ∙ min−1 (KWADE ET 

AL. 2018). The coating is applied to both sides of aluminum and copper current collector foils 

for the cathode and anode 47, respectively. Typically, copper foil thicknesses range from 6 −

10 μm, contrasting with aluminum foil thicknesses of 12 − 20 μm (KWADE ET AL. 2018). The 

solvents are evaporated by convection or infrared (IR) radiation in a nitrogen or dry air envi-

ronment, leaving behind a porous electrode structure (KWADE ET AL. 2018).  

The thickness and porosity of the electrodes are reduced by calendering, a continous mechanical 

compaction step, to tune the electrode’s electric and ionic conductivity, energy density, and 

mechanical properties (CHEN ET AL. 2010; SCHREINER ET AL. 2019; ZHENG ET AL. 2012). After 

calendering, the electrodes are slit to width by laser or knife cutting and dried again, which 

 
46 Although a standardized LIB production chain has been established (KWADE ET AL. 2018), process innovations are continu-

ously transferred to industrial practice (MAULER ET AL. 2022). For example, solvent-free dry coating (AL-SHROOFY ET AL. 2017) 

has recently been adopted as substitute for wet coating by Tesla (MUSK 2020) after acquiring Maxwell Technologies in 2019 

(DUONG ET AL. 2018, TESLA, INC. 2019). 
47 Despite its higher density and cost, copper is used as anode current collector because aluminum forms lithium–aluminum 

alloys at the low potentials of the negative electrode (VUORILEHTO 2018, p. 23).  
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present the last steps of electrode production. While mixing is usually performed in batches, 

coating, drying, calendering, and slitting are roll-to-roll processes (KWADE ET AL. 2018). 

For cell assembly, the electrodes are transferred to dry rooms with typical dew points 48 between 

−60 °C and −40 °C at ambient temperatures of around 20 °C (KWADE ET AL. 2018). Shape cut-

ting of the sheet material to single electrodes is performed by die or laser cutting (JANSEN ET 

AL. 2019a; KRONTHALER ET AL. 2012), leaving uncoated current collector flags. Subsequently, 

the cell stack is assembled into an alternating arrangement of cathode and anode sheets with 

separator layers in between. The anodes must overlap the cathodes completely to utilize the 

whole cathode area while diminishing the risk of dendrite formation (TANG ET AL. 2009). The 

three prevailing processes for producing the cell stack are winding, stacking, and z-folding, but 

only the latter two are convenient for manufacturing pouch bag cells (KWADE ET AL. 2018). The 

current collector flags are electrically connected and joined with cell tabs by ultrasonic or laser 

welding (GRABMANN ET AL. 2021; LEE ET AL. 2010). Next, the cell stack is inserted into a pouch 

bag and sealed, leaving an opening for electrolyte filling. LE is inserted under a vacuum, before 

the pouch cell is entirely closed and stored under controlled temperature and pressure to allow 

uniform electrolyte permeation into the electrode and separator pores (GUENTER ET AL. 2019; 

KNOCHE & REINHART 2015). A high wetting degree must be achieved before cell conditioning 

to avoid cell degradation (HAGEMEISTER ET AL. 2022). Current collector tabs protruding from 

the cell enable the external electrical contacting of the battery. 

Cell conditioning involves the main steps of formation and aging, during which the cells are 

subjected to repeated quality checks to detect production errors and batteries with deficient 

properties (KWADE ET AL. 2018). During formation, the cells are electrochemically cycled at 

low currents to establish a stable SEI on the surface of the AAM particles (AN ET AL. 2016). 

Subsequently, the cells undergo an aging procedure (WOOD ET AL. 2015). While wetting and 

formation may take 3 − 7 days, aging may take up to two weeks (WOOD ET AL. 2019) The time 

and storage capacities required for these processes present a significant bottleneck in LIB pro-

duction. Thus, improved formation protocols (AN ET AL. 2017; MAO ET AL. 2018) and early 

quality prediction (STOCK ET AL. 2022) are targeted to reduce the process time. 

Oxide-ceramic all-solid-state battery production 

To date, there is no established production chain for ceramic ASSBs available, and various 

promising alternatives are being researched in parallel (SCHNELL ET AL. 2019). To this end, this 

paragraph presents a selected manufacturing sequence based on the scaffold approach that was 

pursued within this thesis. However, the outlined methods for producing LMAs apply to diverse 

LMB types, and the described cell assembly processes are also valid for other ASSB types. 

Electrode production for ceramic ASSBs with LMAs differs significantly from the processes 

established for LIBs. Due to the high reactivity of metallic lithium with atmospheric constitu-

ents, including nitrogen, oxygen, water, and carbon dioxide (JEPPSON ET AL. 1978, p. 21), 

LMAs must be fabricated and stored under inert gas conditions, typically argon (SCHNELL ET 

AL. 2018). Initially, ductile high-purity lithium ingots (ZHANG ET AL. 2020b) are extruded into 

a foil shape (ACEBEDO ET AL. 2023). The film is further thinned through multiple high-intensity 

calendering steps (BOUCHARD ET AL. 1994; STUMPER ET AL. 2022; STUMPER ET AL. 2023a) and 

laminated onto current collector or carrier foils (SCHNELL ET AL. 2018).  

 
48 The dew point is the temperature at which air becomes saturated with moisture and water vapor begins to condense into dew. 

It indicates the air’s humidity level with a lower dew point corresponding to less moisture. (LAWRENCE 2005)  
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Alternatively, ongoing research explores fabricating ultra-thin lithium coatings via melt-based 

(SCHOENHERR ET AL. 2022) and vapor-based (VANLEEUW ET AL. 2014) techniques. To allow 

further handling in dry air, lithium foils undergo surface passivation 49 (SCHMUCH ET AL. 2018). 

Notably, in addition to reducing the reactivity during processing, coatings are intentionally used 

to tailor the electrochemical behavior of LMAs (DUFFNER ET AL. 2021b).  

Ceramic SE substrates are mostly fabricated on a laboratory scale as pellets, typically ranging 

in thickness from 300 − 1000 μm (BALAISH ET AL. 2021), while thinner layers down to 20 μm 

are achieved through tape-casting (DASHJAV ET AL. 2020). The high hardness of ceramic parti-

cles prevents sufficient layer densification by calendering (SCHNELL ET AL. 2019). Thus, pores 

remaining after solvent evaporation must be eliminated by high-temperature sintering (OHTA 

ET AL. 2014). However, thin separators face distortion and mechanical instability after sintering, 

especially if large-area components are targeted (BALAISH ET AL. 2021).  

Another issue arises for the manufacturing of cathode composites, as CAMs are susceptible to 

thermally-induced reactions when in contact with SEs during sintering 50, forming low- or non-

conductive reaction products that raise interfacial impedances (GELLERT ET AL. 2018; MIARA 

ET AL. 2016; ZHANG ET AL. 2018). The conflict of interest between sufficient compaction and 

intact interfaces requires a careful selection of the sintering temperature (BEAUPAIN ET 

AL. 2021; IHRIG ET AL. 2022a).  

Assembling SE layers and composite cathodes to half cells either includes their lamination or 

the direct deposition of one layer on the other (DUFFNER ET AL. 2021b). Co-sintering of the 

separator and the cathode composite improves the physical contact between the mechanically 

rigid layers but complicates controlling the sintering process due to differing shrinkage (ZHANG 

ET AL. 2023a).  

Manufacturing a cathode-supported half cell relies on fabricating a cathode composite by sin-

tering, which subsequently serves as a substrate for applying an SE film (SCHNELL ET AL. 2019). 

Wet-chemical or vacuum-based processes 51 allow for the deposition of coatings with nano- or 

micrometer-scale thicknesses (BALAISH ET AL. 2021). However, the industrial-scale applicabil-

ity of thin-film technologies requires further validation from cost and throughput perspectives 

(HAO ET AL. 2018; HATZELL & ZHENG 2021).  

A promising alternative pathway for producing cathode–electrolyte compounds relies on pre-

sintering of a dense–porous SE bi-layer and its subsequent infiltration with CAM (KRAVCHYK 

& KOVALENKO 2022; SCHNELL ET AL. 2019). This scaffold approach bypasses the need for the 

mutual high-temperature sintering of CAMs and SEs, mitigating the risk of interfacial degra-

dation. In another variation, the technique relies on manufacturing a porous–dense–porous tri-

layer, whereas the additional porous layer hosts the LMA (XU ET AL. 2018).  

The challenges and variations in producing and infiltrating ceramic SE scaffolds for ASSBs are 

further discussed in Subsection 3.2.3.  

 
49 Methods for surface passivation of LMAs include fluorination (SHIRAISHI ET AL. 1999), phosphorous coating (WIETELMANN 

ET AL. 2013), and gas treatment (WIETELMANN 2010, DOVER ET AL. 1996). 
50 Alternative sintering techniques, such as high-pressure field-assisted sintering, are explored to alleviate issues of conven-

tional high-temperature sintering (IHRIG ET AL. 2021a, IHRIG ET AL. 2022b).  
51 Potential thin film technologies for fabricating oxidic SE layers, amongst others, involve spray pyrolysis, pulsed layer depo-

sition, sputtering, and atomic layer deposition (BALAISH ET AL. 2021). 
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Figure 2.5: The process chains for producing lithium-ion batteries (LIBs) and oxide-ceramic all-solid-state bat-

teries (ASSBs) with lithium metal anodes (LMAs) in a pouch cell format are shown comparatively. 

The selected manufacturing sequence for fabricating oxidic ASSBs relies on the scaffold approach. 

The figure was adapted from DUFFNER ET AL. (2021b) and complemented with results by KWADE ET 

AL. (2018) and SCHNELL ET AL. (2019). 
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Similar to LIB production, separating the individual components marks the link from electrode 

production to cell assembly. Desired electrode geometries are obtained through cutting opera-

tions, with laser cutting emerging as the favored technology due to the mechanical properties 

of lithium metal and ceramics (DUFFNER ET AL. 2021b).The susceptibility of ceramic SE sub-

strates to fracture under compressive stress impedes the usage of winding technologies (WOLF-

ENSTINE ET AL. 2018). Consequently, single-sheet stacking must be adopted for cell assembly 

(DUFFNER ET AL. 2021b). Handling fragile ceramic SE layers and adhesive lithium foils with 

automated mass-production equipment requires redesigning gripping principles that allow for 

the damage-free picking and placing of electrodes (FROEHLICH ET AL. 2020; FROEHLICH ET 

AL. 2022; KONWITSCHNY ET AL. 2024). The cell stack must be electrically connected similar to 

LIBs or in a bipolar manner 52. The vibrational energy input in ultrasonic welding may limit its 

applicability for this task, making laser welding the preferred joining technology (DUFFNER ET 

AL. 2021b).  

After establishing electrical connections, the cell stack is encased in a housing. Electrolyte fill-

ing is unnecessary, and a formation step is only required if an instability between the SE and 

the active materials necessitates the in-situ formation of stable interphase. However, an aging 

period with quality testing is still anticipated (DUFFNER ET AL. 2021b). 

2.2 Laser materials processing 

Light Amplification by Stimulated Emission of Radiation (laser) 53 is a physical phenomenon 

enabling the creation of a coherent, convergent, and monochromatic beam of electromagnetic 

radiation suitable for information or energy transport (HUEGEL & GRAF 2023, p. 1). 44 years 

after Albert Einstein proposed that photons can stimulate the emission of other photons with 

identical energy from excited atoms in 1916 (HECHT 2010), Theodore H. Maiman built the first 

ruby laser beam source (MAIMAN 1960; MAIMAN ET AL. 1961). Since then, laser radiation has 

been established as a tool for materials processing, and nowadays, laser units are applied in 

diverse industrial sectors, such as automotive, aerospace, and electronics manufacturing (WILL-

NER ET AL. 2012, p. 1626).  

This section concentrates on the fundamentals of laser materials processing, including generat-

ing, shaping, and applying laser radiation. Moreover, relevant parameters describing the char-

acteristics of laser radiation and its interaction with matter are highlighted. Ultimately, the usage 

of laser radiation for materials processing with microscale precision is discussed.  

2.2.1 System technology 

Applying laser radiation in manufacturing requires combining optical, mechanical, and control-

related components to laser units 54 (ISO 11145:2018(E), p. 15). The radiation generated by a 

laser beam source is shaped and guided to the intended target by a series of optical components. 

Finally, a laser unit is complemented by peripheral devices, such as handling, clamping, and 

 
52 While the LE ionically connects the individual elementary cells in LIBs in parallel, the SE in ASSBs remains confined within 

each cell, enabling their serial connection in a bipolar configuration. This design simplifies cell assembly, as only the current 

collector foils of the outermost elementary cells require electrical connections. (SCHNELL ET AL. 2018; JUNG ET AL. 2019) How-

ever, due to the need for further investigation into the practicality of the bipolar stack concept, it is not considered in this thesis. 
53 While the acronym laser is commonly used to refer to the technical device for generating laser radiation (ISO 11145:2018(E), 

p. 13), in this thesis, it is used in its original sense to describe the underlying working principle.  
54 The term laser system is used alternatively to laser unit in colloquialism. 
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safety elements, process media supplies, sensor systems, and control units (HUEGEL & 

GRAF 2023, p. 89). The central components of a laser unit are briefly described below.  

Laser beam generation 

Laser radiation is generated in a laser beam source, which has a laser resonator as the central 

component, complemented by an energy pump and other media supplies. The foundational 

principle for generating laser radiation relies on stimulated emission. Matter interacts with elec-

tromagnetic radiation through the absorption or emission of photons, where emission can occur 

spontaneously or through stimulation. In the latter process, an excited atom is stimulated by a 

photon to transition to a lower energy state, releasing the energy difference as an additional 

photon (POPRAWE ET AL. 2018, pp. 8 – 12). A population inversion, with excess atoms in ex-

cited energy states, is induced in a solid, liquid, or gaseous laser-active medium through con-

tinuous energy pumping 55 (POPRAWE ET AL. 2018, pp. 12 – 15). Consequently, stimulated emis-

sion dominates over spontaneous emission, as a chain reaction is effectuated. The laser radiation 

is amplified and directed by circulating it in the laser resonator, an optical cavity typically com-

prising a fully reflective and a partially transparent mirror (POPRAWE ET AL. 2018, pp. 18 – 20). 

The partially transparent mirror allows for the decoupling of a monochromatic 56, low-diver-

gent, and coherent laser beam from the laser resonator (HUEGEL & GRAF 2023, pp. 60 – 62).  

Industrially, continuous wave (CW) and pulsed laser sources emitting radiation at wavelengths 

from the ultraviolet (UV) to the far IR spectrum are applied (WILLNER ET AL. 2012, p. 1626). 

CW laser operation is characterized by the continuous emission of laser radiation over periods 

greater than or equal to 0.25 s (ISO 11145:2018(E), p. 13). In industrial manufacturing, CW 

laser radiation with average output powers in the kilowatt regime is preferably used for macro-

processing, such as thick sheet cutting or welding (HUEGEL & GRAF 2023, p. 64). Instead, laser 

micro-processing requires precise, localized energy input, which is achieved by using laser 

pulses.  

Single pulses or pulse trains with durations of less than 0.25 s are emitted during pulsed laser 

operation (ISO 11145:2018(E), p. 13). Long laser pulses with milli- and micro-second dura-

tions are generated simply by a controlled interruption of the laser operation. Nanosecond pulse 

durations, typically between 10 ns and 500 ns, allow even higher pulse peak powers 

(POPRAWE 2011, p. 159). Such laser pulses are produced through quality switching (Q-switch-

ing), where laser energy is accumulated within the resonator before it is released in a single 

intense pulse by opening a variable attenuator (HUEGEL & GRAF 2023, p. 64). Nanosecond 

pulses are usually referred to as short laser pulses (cf. Subsection 2.2.3). Mode-locking 57 ena-

bles a further reduction in pulse duration to generate ultrashort laser pulses in the pico- or 

femtosecond domain. However, the limited pulse energies for mode-locking restrict its appli-

cation for laser materials processing (RACIUKAITIS 2021). Intensive ultrashort laser pulses are 

typically generated by chirped pulse amplification (CPA) 58 (FERMANN & HARTL 2013).  

 
55 Pumping refers to continuously supplying energy to a laser-active medium through optical stimulation, excitation by electron 

collisions, excitation by an electrical field, or chemical processes (HUEGEL & GRAF 2023, p. 56). 
56 Monochromatic light is electromagnetic radiation only containing a narrow band of wavelengths.  
57 Mode-locking relies on coupling the phases of multiple longitudinal modes within the laser resonator to induce their con-

structive interference, resulting in trains of ultrashort laser pulses (HUEGEL & GRAF 2023, p. 64). 
58 In the CPA technique, short pulses from an oscillator are stretched in time by a grating, amplified, and then recompressed by 

another grating to achieve extreme laser intensities. This temporal pulse extension prevents damage to the optical device from 

high intensities (ZHOU 2020). Donna Strickland and Gérard Mourou were awarded the Nobel Prize in Physics in 2018 (THE 

ROYAL SWEDISH ACADEMY OF SCIENCES 2018) for inventing the CPA (STRICKLAND & MOUROU 1985). 
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The classification into long, short, and ultrashort laser pulses is not standardized and varies 

across literature references. Although a seamless transition between pulse regimes exists in 

practice, pulses in the nanosecond range are generally designated as short, whereas pulse dura-

tions in the order of picoseconds or below are considered ultrashort (KNOWLES ET AL. 2007). 

Beam shaping and guidance 

Optical components are required to direct laser radiation to the workpiece and adjust its char-

acteristics, such as the spatial power distribution, polarization, and temporal pulse shape (HUE-

GEL & GRAF 2023, p. 90). Glass fibers are commonly used in industry to transport laser radia-

tion to the focusing optics (HUEGEL & GRAF 2023, pp. 106 – 108). However, the high intensities 

in ultrashort-pulsed laser processing can induce non-linear optical effects, which might damage 

such fibers (HUEGEL & GRAF 2023, p. 97). Thus, mirrors and lenses are placed into the path of 

ultrashort laser pulses to adjust their direction, diameter, and divergence during beam propaga-

tion (HUEGEL & GRAF 2023, p. 95 f.). Fixed optics and scanning optics represent distinct ap-

proaches for focusing and moving a laser beam on a workpiece. Fixed optics utilize stationary 

lenses or mirrors to position the laser beam on a target. A relative movement between the laser 

beam and the workpiece can be achieved by translating the entire optical system or reposition-

ing the workpiece, often via high-precision linear axes or industrial robots. Contrarily, scanning 

optics use two orthogonally arranged mirrors to dynamically steer a laser beam, creating a de-

fined trajectory by superimposing two velocity components (HUEGEL & GRAF 2023, p. 103 f.). 

The rapid beam movement and the high positioning accuracy achieved by rotating the mirrors 

make scanning optics the preferred choice for micro-machining applications. Alternatively,  

polygon scanners, which employ a rotating mirror wheel with multiple reflective facets, allow 

for high scanning velocities of several hundred or even thousands of meters per second (ORAZI 

ET AL. 2021). The fast beam deflection makes them particularly advantageous for scaling up 

ultrashort-pulsed laser processes as they facilitate the application of high pulse repletion rates 

and average powers (cf. Subsection 2.2.4). Typically, F-theta lenses are applied after the scan-

ning optics to focus the laser beam and correct imaging errors (OZGA 2018). 

Additional components 

The components for generating and directing laser radiation are complemented by various pe-

ripheral devices to create a safe and fully functional machine tool. Manual or automated clamp-

ing devices are used to position and secure the workpiece, while suction systems and cross jets 

are employed to remove vapor and dust from the process zone (HUEGEL & GRAF 2023, p. 89). 

Additionally, various sensors can be integrated for process monitoring and control, including 

those detecting electromagnetic (STADTER ET AL. 2020) or acoustic signals (TOMCIC ET 

AL. 2022). To safeguard personnel and comply with safety regulations, laser radiation at the 

intensities required for material processing must be enclosed within designated areas (EICHLER 

& EICHLER 2015, p. 447). Moreover, when using ultrashort laser pulses, the emission of haz-

ardous X-rays from laser-induced plasma may require radiation shielding to keep the accumu-

lated dose rate within legal limits 59 (LEGALL ET AL. 2018; WEBER ET AL. 2019).  

A graphically summary of the main components of a laser unit is presented in Figure 2.6. 

 
59 The dose rate is the energy absorbed from ionizing radiation per unit mass within a defined depth. Regulatory exposure limits 

differ between countries. Maximum effective dose rates of 50 mSv ∙ a−1 on the skin are recommended not to be exceeded 

(SMITH 1991, p. 72).  
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Figure 2.6: The illustration schematically shows a laser unit and its essential components based on HUEGEL & 

GRAF (2023, p. 1) and ISO 11145:2018(E) (p. 15). The system depicted is exemplary and might vary 

depending on the specific type of laser unit.  

2.2.2 Characteristic parameters 

The following discourse discusses the key parameters governing laser processing, specifically 

emphasizing pulsed laser operation. For comprehensive definitions of laser technology terms, 

readers are directed to ISO 11145:2018(E). 

Optical parameters  

The distribution of the electric and magnetic fields within a laser cavity can be described by 

transverse electromagnetic modes (TEMs), which are positioned perpendicular to the propaga-

tion direction (POPRAWE ET AL. 2018, p. 113). The fundamental TEM00 mode is particularly 

well-suited for technical applications, featuring a Gaussian intensity profile in laser resonators 

with concave mirrors (EICHLER & EICHLER 2015, p. 224).  

The radial intensity distribution 𝐼(𝑟, 𝑧) of a Gaussian beam is characterized by an intensity 

maximum 𝐼0(𝑧) along the beam axis 𝑧, diminishing as the distance 𝑟 from the axis increases 

(POPRAWE ET AL. 2018, p. 117): 

 

𝐼(𝑟, 𝑧) = 𝐼0(𝑧) ∙ e
−
2𝑟2

𝑤(𝑧)2 2.14 

Thereby, the beam radius 𝑤(𝑧) denotes the distance at which the intensity has decreased to 

e−2  13.5 % of the peak intensity 𝐼0(𝑧) on the beam axis. Integrating the radial intensity dis-

tribution yields the power 𝑃l contained in the laser beam (POPRAWE ET AL. 2018, p. 117):  

 

𝑃l = 2π∫ 𝐼(𝑟, 𝑧) ∙ 𝑟 d𝑟 =

∞

0

π

2
∙ 𝑤(𝑧)2 ∙ 𝐼0(𝑧) 2.15 

The area within the radius of a Gaussian laser beam encompasses  86.5 % of the entire laser 

power (POPRAWE ET AL. 2018, p. 118).  
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Along the propagation path, the laser beam attains its smallest radius 𝑤0 at the beam waist, also 

known as the focal plane. The focal length 𝑓f corresponds to the distance between the focusing 

lens and the focal plane (POPRAWE ET AL. 2018, p. 77).  

The Rayleigh length 𝑧R delineates the region within which a laser beam of a specific wave-

length 𝜆 maintains a practical focus before experiencing notable divergence. It represents the 

distance along the propagation direction measured from the beam waist, where the beam radius 

expands to √2𝑤0, and the cross-sectional area doubles compared to the beam waist (EICHLER 

ET AL. 2018, p. 212): 

 
𝑧R = π ∙

𝑤0
2

𝜆
 2.16 

At a large distance from the beam waist, the expansion of the beam radius follows an approxi-

mately linear pattern, described by the divergence angle 𝜃 (EICHLER ET AL. 2018, p. 213): 

 
𝜃 =

𝜆

π ∙ 𝑤0
 2.17 

The beam parameter product 𝐵𝑃𝑃 is a frequently employed metric to characterize the spatial 

quality of a laser beam, as it is invariant under beam transformations, such as those induced by 

lenses (EICHLER ET AL. 2018, p. 223):  

 
𝐵𝑃𝑃 = 𝜃 ∙ 𝑤0 = 𝑀

2 ∙
𝜆

π
 2.18 

Thereby, the beam quality factor 𝑀2 accounts for the deviation of real laser beams from the 

ideal Gaussian profile in radius and divergence angle (EICHLER ET AL. 2018, p. 223). Lower 

𝐵𝑃𝑃 and 𝑀2 values correspond to a laser beam of higher quality with improved focusing capa-

bilities.  

Figure 2.7 summarizes the characteristic features of laser beam caustics. 

 

Figure 2.7:  (a) The propagation of a Gaussian laser beam with a beam waist radius 𝑤0 perpendicular to the focal 

plane is illustrated, whereas 𝑓f, 𝑧R, and 𝜃 are the focal length, the Rayleigh length, and the divergence 

angle, respectively. The figure was adapted from HUEGEL & GRAF (2023, p. 37). (b) The radial inten-

sity distribution of a Gaussian laser beam transverse to the propagation direction is displayed. The 

beam radius 𝑤 is defined by a decline of the maximum intensity 𝐼0 to e−2  13.5 %. Approximately 

86.5 % of the laser power 𝑃l is incorporated within the beam radius. The figure was adapted from 

EICHLER ET AL. (2018, p. 211). 
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Operation parameters 

While CW beam sources are mainly characterized by their uninterrupted power output, pulsed 

beam sources emit discrete high-intensity pulses that are separated by periods of no emission. 

Thus, additional parameters are required to specify the additional temporal and energy-related 

characteristics of pulsed laser processes. 

Laser pulses exhibit a characteristic temporal pulse shape, such as rectangular or Gaussian. 

Usually, the full width at half maximum (FWHM) pulse duration 𝜏, representing the time during 

which the pulse intensity remains above half of its maximum value, is employed to describe the 

temporal span between the leading and trailing edges of a laser pulse (see Figure 2.8, a) (EICH-

LER ET AL. 2018, p. 53). 

Every laser pulse features a discrete pulse energy 𝐸p. Multiplying this energy with the pulse 

repetition rate 𝑓p allows to calculate the average laser power 𝑃l (EICHLER ET AL. 2018, p. 53): 

 
𝑃l = 𝐸p ∙ 𝑓p = 𝐸p ∙

1

𝑇p
 2.19 

In this context, 𝑓p corresponds to the inverse of the time interval between consecutive pulses, 

denoted as 𝑇p. The pulse fluence describes the irradiated energy per unit area on a target surface. 

Due to the typically non-uniform energy distribution across the beam width, the peak pulse 

fluence 𝐹0 situated at the center of the spatial power distribution is the commonly employed 

metric in pulsed laser processing (RACIUKAITIS ET AL. 2009):  

 
𝐹0 =

2 ∙ 𝐸p

π ∙ 𝑤0
2 2.20 

In some cases, the average pulse fluence is reported instead of the peak fluence, which for 

Gaussian laser pulses is equivalent to half the peak value.  

A parameter particularly useful for laser processes exhibiting a continuous trajectory, such as 

cutting operations, is the spatial pulse overlap 𝑃𝑂. The 𝑃𝑂 delineates the intersection of two 

consecutive pulses and is defined by their spatial distance 𝑝x and the beam radius 𝑤0. Thereby, 

the spatial distance can be calculated using the feed rate 𝑣s and the pulse repetition rate 𝑓p (WIL-

LIAMS ET AL. 2014): 

 
𝑃𝑂 = 1 −

𝑣s
2 ∙ 𝑤0 ∙ 𝑓p

= 1 −
𝑝x
2 ∙ 𝑤0

 2.21 

Accordingly, the line overlap 𝐿𝑂 in areal laser surface machining can be calculated based on 

the hatch distance 𝑝y (see Figure 2.8, b) (SASSMANNSHAUSEN ET AL. 2021): 

 
𝐿𝑂 = (1 −

𝑝y

2 ∙ 𝑤0
) 2.22 

Additional parameters, including pulse peak power, power density, and interaction time, can be 

computed to characterize pulsed laser processes and facilitate transferring results across various 

laser beam sources (BANAT ET AL. 2020). 
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Figure 2.8: (a) The temporal intensity profiles of Gaussian laser pulses with a full width at half maximum 

(FWHM) pulse duration 𝜏, a maximum intensity 𝐼0, and a pulse energy 𝐸p are shown. The temporal 

distance between consecutive laser pulses 𝑇p can also be specified by its inverse, the pulse repetition 

rate 𝑓p. The figure was adapted from HUEGEL & GRAF (2023, p. 64). (b) The pulse overlap 𝑃𝑂 be-

tween multiple laser pulses with a beam radius 𝑤0 and a spatial distance 𝑝x in the scan direction 𝑥 is 

depicted. Thereby, 𝑝x is a function of the feed rate 𝑣s and the pulse repetition rate 𝑓p. The line overlap 

𝐿𝑂 can be calculated from the hatch distance 𝑝y to account for areal laser processes. The figure was 

adapted from SASSMANNSHAUSEN ET AL. (2021).  

2.2.3 Laser–matter interaction  

This subsection concentrates on the laser–matter interaction phenomena that occur during en-

ergy absorption, heat transfer, and material removal, which are contingent on material and laser 

beam characteristics. Moreover, the interplay between successive pulses is discussed.  

Energy absorption  

The response of a workpiece to an incident laser beam is governed by the absorption, reflection, 

and transmission of radiation. The proportion of these effects is influenced by factors such as 

the wavelength and polarization of the radiation, the surface condition, and temperature-de-

pendent material properties (HUEGEL & GRAF 2023, p. 127 f.). The primary determinant of the 

laser process behavior is the power deposited into the workpiece 𝑃a, which depends on the 

absorptivity 𝜂a and the incident radiation power 𝑃l (POPRAWE 2011, p. 15): 

 𝑃a = 𝜂a ∙ 𝑃l 2.23 

Losses due to reflected radiation 𝑃r and transmitted radiation 𝑃t reduce the power available for 

the process (HUEGEL & GRAF 2023, p. 127): 

 𝑃a = 𝑃l − 𝑃r − 𝑃t 2.24 

The laser beam intensity 𝐼 that penetrates the absorbing medium undergoes exponential decay 

with increasing penetration depth 𝑧 from its initial intensity 𝐼0 dependent on the optical atten-

uation coefficient 𝛼opt according to the Lambert–Beer law (HUEGEL & GRAF 2023, p. 135): 

 𝐼(𝑧) = 𝐼0 ∙ 𝑒
−𝛼opt𝑧 2.25 

The distance at which the laser beam intensity in the material decreases to e−1 of the value at 

the surface is referred to as the optical penetration depth 𝑙α (HUEGEL & GRAF 2023, p. 135):  

 
𝑙α =

1

𝛼opt
 2.26 
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The electron system of a target locally absorbs laser energy through linear and non-linear pro-

cesses, as the heavier ions are unable to follow the rapid oscillations of the electromagnetic 

field (LIU ET AL. 1997). Metals with ionization potentials lower than the photon energies pre-

dominantly undergo linear absorption via the excitation of free electrons from their conduction 

bands (LIU ET AL. 1997; MISHRA & YADAVA 2015). The resulting high absorption coefficients 

of metals limit optical penetration to a surface layer of several tens of nanometers at standard 

laser wavelengths, making them practically non-transparent.  

Contrarily, ceramics 60, which lack free electrons, exhibit low linear absorption (PERRY ET 

AL. 1999). This allows optical penetration depths up to millimeters in ceramics, which is why 

transmission must be considered in their processing (HUEGEL & GRAF 2023, p. 135 f.). The high 

intensities of ultrashort laser pulses can induce optical breakdowns that create a high population 

of free electrons by non-linear absorption mechanisms, such as multiphoton ionization and av-

alanche ionization 61 (LIU ET AL. 1997; PERRY ET AL. 1999; SCHAFFER ET AL. 2001). These non-

linear effects diminish the influence of the wavelength on absorption, making virtually any 

material machinable by ultrashort-pulsed laser radiation.  

Heat transfer 

The laser pulse duration critically influences the occurring phenomena of energy transfer within 

a material, which is explainable by the two-temperature model (ANISIMOV ET AL. 1974). This 

model mathematically relies on coupled heat conduction equations for the temperatures of the 

electron system and the lattice phonons (CHICHKOV ET AL. 1996). Upon local absorption of laser 

radiation by the electron system, collisions efficiently thermalize the electrons on a time scale 

of about 100 fs (BREITLING ET AL. 2004). Subsequently, energy propagates from the electrons 

to the atomic lattice by electron–phonon collisions (LIU ET AL. 1997). Thermodynamic equilib-

rium between the electron system and the lattice is attained after a material-specific time, typi-

cally a multiple of the electron–phonon relaxation time on the order of magnitude of picosec-

onds (BREITLING ET AL. 2004; KNOWLES ET AL. 2007).  

Short laser pulse durations notably exceed the lattice heating time, entailing classical heat con-

duction mechanisms and homogenous temperature distribution across the electrons and the lat-

tice (BREITLING ET AL. 2004). In this case, the heat penetration due to thermal conduction can 

be described by the thermal penetration depth 

 𝑙th = 2√𝛼 ∙ 𝜏 , 2.27 

where 𝛼 denotes the thermal diffusivity (MEIJER 2004). Hence, reducing the laser pulse duration 

can restrict melt formation, as the thermal penetration depth decreases correspondingly.  

In contrast, ultrashort laser pulses rapidly raise the electron’s temperature far above that of the 

lattice, which only begins to heat up after several hundred femtoseconds to a few picoseconds 

(BREITLING ET AL. 2004). Thermalization is typically achieved after approximately 100 ps, 

aligning the electron and lattice temperatures. Consequently, pulses shorter than the electron–

phonon relaxation time effectively inhibit heat transfer to the lattice (CHICHKOV ET AL. 1996). 

 
60 Semiconductors are not classified as dielectrics by definition. However, their behavior under ultrashort-pulsed laser radiation 

is comparable to that of ceramics (PERRY ET AL. 1999). 
61 Avalanche ionization occurs when electrons collide with enough kinetic energy to overcome the binding energy of bound 

electrons, generating secondary free electrons. In multiphoton absorption, a bound electron is ionized by simultaneously ab-

sorbing multiple photons. (LIU ET AL. 1997) 
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Nevertheless, melt formation has been observed even for ultrashort laser pulses, as evaporation 

initiates and persists for several nanoseconds, maintaining the material in a molten state 

(KNOWLES ET AL. 2007). For ultrashort laser pulses, the thermal penetration depth is equal to or 

less than the optical penetration depth (MEIJER 2004).  

Material removal 

The material removal mechanism varies distinctly between short and ultrashort laser pulses due 

to differing physical phenomena (see Figure 2.9).  

Material expulsion by short laser pulses is governed by evaporation from the liquid state, melt 

displacement by vapor and recoil pressure, and explosive boiling 62 of the superheated melt pool 

(FISHBURN ET AL. 2006; LEITZ ET AL. 2011). A plasma plume forms above the process zone 

during the pulse and attenuates the incident laser radiation (YAN ET AL. 2019). The fluid dy-

namics result in a rather unstable melt pool (LIU ET AL. 1997). After the process, the workpiece 

might feature a heat-affected zone (HAZ), re-solidified melt fractions, recast layers, mi-

crocracks, surface damage caused by shock waves, and debris from ejected material (PETKOV 

ET AL. 2008). As significantly less energy is required to melt material than to vaporize it, high 

removal efficiencies can be achieved if the processing parameters are selected appropriately 

(LEITZ ET AL. 2011).  

In contrast, the high intensities of ultrashort laser pulses heat material locally, transitioning it 

directly from the solid to the vapor phase. Accordingly, material vaporization dominates the 

process with only minor melt layer formation, making it preferable when high quality and pre-

cision are required (LIU ET AL. 1997). The impact of ultrashort laser pulses gives rise to extreme 

pressures, densities, and temperatures due to the acceleration of ionized material to high veloc-

ities. The brief interaction time transfers the material to an overheated liquid state, producing a 

mixture of liquid droplets and vapor that rapidly expands from the process zone (LEITZ ET 

AL. 2011). Since plasma only forms after the pulse, plasma-induced shielding during the pulse, 

i.e., intra-pulse shielding, is avoided. However, residual plasma may still affect subsequent 

pulses through inter-pulse shielding (FINGER & REININGHAUS 2014).  

 

Figure 2.9:  The interactions of (a) short and (b) ultrashort laser pulses with matter are comparatively displayed. 

The figure was adapted from schematics by LEITZ ET AL. (2011) and LEITZ (2013, p. 13). 

 
62 When a material is heated to its thermodynamic critical point, the overheated liquid matter is ejected from the melt pool. This 

phenomenon, known as explosive boiling or phase explosion, represents the most effective thermal laser material removal 

process. (MIOTELLO & KELLY 1999, BULGAKOVA & BULGAKOV 2001) 

(a) (b)

Plasma and 

vapor

Material 

deposits

Short laser

pulse

Bulk

material

Thermal 

damage

Melt

Melt 

droplet

Heat 

conduction

Ultrashort

laser pulse

Shock waves

Plasma

Overheated

liquid

Droplets

Vapor

Bulk

material



38 2  Fundamentals 

 

The minimal fluence for removing material, denoted as the threshold fluence or ablation thresh-

old, depends, among others, on a workpiece’s microstructure and surface morphology. Moreo-

ver, laser parameters, such as the wavelength and the pulse duration, influence the threshold 

fluence (MISHRA & YADAVA 2015, p. 92). Finally, the threshold fluence is a function of the 

number of pulses applied due to incubation effects (DI NISO ET AL. 2014). The ablated hole 

diameter 𝐷 for spatially Gaussian-shaped laser pulses can be estimated if the threshold fluence 

𝐹th is known (MISHRA & YADAVA 2015): 

 

𝐷 = √2𝑤0
2 ln (

𝐹0
𝐹th
) 2.28 

Contrariwise, the formula can be used to empirically determine threshold fluences by fitting it 

to the diameters of drill holes 63 (LIU 1982). For short laser pulses, the threshold fluence is pro-

portional to the square root of the pulse duration (CHICHKOV ET AL. 1996): 

 𝐹th ∝ √𝜏 2.29 

However, this relationship does not hold for ultrashort laser pulses, where the ablation behavior 

is dictated by the optical penetration depth (BYSKOV-NIELSEN ET AL. 2011). A logarithmic ab-

lation law applies for ultrashort laser pulses, connecting the ablation depth 𝑧abl to the fluence 𝐹0 

via the threshold fluence 𝐹th and the energy penetration depth 𝑙e (MOMMA ET AL. 1996): 

 
𝑧abl = 𝑙e ∙ ln

𝐹0
𝐹th

 2.30 

Here, 𝑙e = 𝑙α at low fluences and 𝑙e = 𝑙th at high fluences (CHRISTENSEN ET AL. 2007; DI MAIO 

ET AL. 2012).  

Pulse-to-pulse interactions 

Machining processes usually rely on a multitude of successive laser pulses, either at a static 

position or with a spatial offset (cf. Subsection 2.2.4). The temporal and spatial superposition 

of laser pulses results in pulse-to-pulse interactions, with heat accumulation and pulse shielding 

being the most important multi-pulse effects (FINGER & REININGHAUS 2014).  

Heat accumulation occurs when the thermal energy generated by each laser pulse does not have 

sufficient time to dissipate before the next laser pulse is applied. Consequently, the temperature 

in the process zone increases gradually, reinforcing thermal effects such as HAZ formation 

(BAUER ET AL. 2015). Besides that, heat can accumulate between successive scanning passes or 

when multiple laser beams are used simultaneously (FINGER ET AL. 2018). Inter-pulse shielding 

effects refer to the attenuation of laser pulses by vapor, particles, or plasma, which are left 

behind from preceding pulses (ANCONA ET AL. 2008; DAN & DUAN-MING 2008; KOENIG ET 

AL. 2005; MAO & RUSSO 1997). 

Pulse-to-pulse interactions depend on the temporal (FINGER & REININGHAUS 2014) and spatial 

pulse distance (BAUER ET AL. 2015), which must be considered when process scaling by pulse 

repetition rate is targeted (cf. Subsection 2.2.4). Usually, material removal is promoted by heat 

 
63 Accounting for the difficulty of precisely measuring ablation diameters, the diameter of the molten zone can be used for the 

alternative determination of the melting threshold (CHENG ET AL. 2009). 
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accumulation but is counteracted by shielding phenomena (SCHILLE ET AL. 2015). 

2.2.4 Laser micro-processing 

DIN 8590:2003-09 classifies laser material removal as a thermal process, further subcatego-

rized by the underlying physical mechanisms, such as fusion, vaporization, and sublimation. 

Laser micro-processing entails generating microscale features by ablating material in liquid or 

gaseous form (LIU ET AL. 1997). Laser pulses are typically preferred over CW laser beams for 

generating precise features, as their high spatial and temporal power densities promote vapori-

zation while restricting melt formation. Selecting the appropriate pulse duration depends on the 

specific material and application. Ultrashort laser pulses, in particular, provide superior quality 

due to their vaporization-dominated material removal (cf. Subsection 2.2.3) (CHEN & 

LIU 1999). However, considerations of economic viability, throughput, and system integrability 

often favor short-pulsed laser processes instead (CHEN & LIU 1999).  

The following paragraphs provide a brief overview of laser micro-processing techniques rele-

vant to this thesis, including drilling, cutting, and surface functionalization. 

Laser micro-processing techniques 

Laser micro-drilling can be performed either statically or dynamically (GAUTAM & PAN-

DEY 2018). In the simplest case, a hole or a blind hole is created by a single pulse. Compared 

to single-pulse drilling, increased hole depths can be achieved through percussion drilling by 

delivering multiple sequential laser pulses to a fixed location (HU ET AL. 2010). Trepanning 

drilling and helical drilling combine a succession of laser pulses with a circular or helical laser 

beam oscillation relative to the workpiece to enlarge the drilling diameter (HU ET AL. 2010).  

Laser cutting entails moving the laser beam relative to the workpiece along a predetermined 

path. In sheet metal cutting, a CW laser beam melts the material, and the liquified material is 

expelled by a coaxial gas stream (GABZDYL & BRODSKY 2010). In contrast, laser micro-cutting 

prioritizes pulsed laser processes that allow precise control of the heat impact by adjusting the 

spatial offset between individual laser pulses. Laser micro-cutting is primarily applied for work-

pieces with thicknesses below 500 µm and delicate structures with feature sizes smaller than 

200 µm (POPRAWE ET AL. 2024, p. 735). High pulse powers are typically applied to increase 

the degree of vaporization, with pulse overlaps of 0.5 − 0.9 for generating continuous cutting 

kerfs (POPRAWE ET AL. 2024, p. 736). Alternatively to cutting within a single scan cycle, the 

material can be ablated layer-by-layer by traversing the cut trajectory multiple times at lower 

pulse overlaps (DEMIR & PREVITALI 2014a; GABZDYL & BRODSKY 2010).  

Besides that, laser radiation offers a versatile approach to modifying a workpiece’s surface 

chemistry and morphology. Laser surface micro-processing can be sub-classified into laser 

micro-structuring, laser micro-cleaning, and laser micro-polishing, although these three sub-

types have ambiguous boundaries. Laser micro-structuring involves the selective removal of 

material to fabricate defined structures, often forming regular patterns by combining basic ge-

ometries like drillings or grooves. Laser micro-cleaning is used to remove particles 

(MOSBACHER ET AL. 2000) and surface contaminants by ablating thin material layers (ZHU ET 

AL. 2022). Finally, laser micro-polishing targets a reduction in surface roughness while con-

serving material by only melting a superficial film (SASSMANNSHAUSEN ET AL. 2021; TEMMLER 

ET AL. 2020).  
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Process scaling 

Scaling is one of the main concerns when adapting laser micro-processing in the high-through-

put battery industry. The productivity can be expressed by the ablation rate, which is the pro-

cessed material volume or the achieved ablation depth per time unit. Moreover, the ablation 

efficiency denotes the material volume removed or depth progress per energy unit. Generally, 

short laser pulses in the nanosecond range deliver higher ablation efficiencies than ultrashort 

laser pulses, accounting for the underlying melt-based material removal (cf. Subsection 2.2.3) 

(LEITZ ET AL. 2011). In this context, melt expulsion by explosive boiling (BULGAKOVA & BUL-

GAKOV 2001; MIOTELLO & KELLY 1999) is the most efficient thermal ablation mechanism, 

achieving a stepwise increase in energy efficiency (FISHBURN ET AL. 2006).  

Even though the average power of ultrashort-pulsed laser beam sources has been scaled to kil-

owatt average powers over the last twenty years (BRINKMEIER ET AL. 2022), the major challenge 

for adopting picosecond and femtosecond laser processes for industrial applications is increas-

ing their productivity and efficiency (WEBER & GRAF 2021). Ultrashort-pulsed laser processes 

can generally be scaled by increasing the pulse energy or the pulse repetition rate (RACIUKAI-

TIS 2021). When disregarding pulse-to-pulse interactions, utilizing an optimum fluence 𝐹opt in-

terrelated to the threshold fluence 𝐹th according to  

 𝐹opt = e
2 ∙ 𝐹th  7.4 ∙ 𝐹th 2.31 

delivers maximum ablation efficiencies for ultrashort laser pulses with a Gaussian intensity 

profile (FURMANSKI ET AL. 2007; RACIUKAITIS ET AL. 2009; ŽEMAITIS ET AL. 2019). Equa-

tion 2.31 can be derived from the logarithmic ablation law (cf. Equation 2.30) and was proven 

experimentally for a broad spectrum of materials (NEUENSCHWANDER ET AL. 2012; ŽEMAITIS 

ET AL. 2020). Since the optimum fluences are relatively low, process scaling by a mere increase 

of the pulse energy is inefficient, especially when the envisaged structure size constricts the 

maximum beam diameter 64 (WEBER & GRAF 2021).  

The following strategies enable the use of high average laser powers while working at the op-

timum fluence: 

• Increasing the pulse repetition rate: The average power can be scaled by increasing 

the pulse repetition rate while maintaining a constant pulse energy (cf. Equation 2.19). 

However, pulse-to-pulse phenomena need to be considered (cf. Subsection 2.2.3). 

Moreover, keeping a constant pulse overlap while increasing the pulse repetition rate 

necessitates high scanning speeds (cf. Equation 2.21), eventually requiring the applica-

tion of polygon scanners (LOESCHNER ET AL. 2015; VAN DER STRAETEN ET AL. 2018).  

• Beam splitting: Partitioning a laser beam into arrays of distinct non-overlapping sub-

beams reduces the maximum pulse fluence on the workpiece, enabling the utilization of 

elevated average laser powers. One method for achieving this beam separation involves 

integrating diffractive optical elements (DOEs) into the beam pathway, facilitating the 

simultaneous processing of identical structures (BRUENING ET AL. 2020; BUESING ET 

AL. 2014; HOFMANN ET AL. 2020). 

 
64 For instance, AlSl 304 steel shows an optimum fluence of 0.53 J ∙ cm−2 at a pulse duration of 10 ps, a wavelength of 

1064 nm, a pulse repetition rate of 200 kHz, and a beam radius of 16 μm (GAFNER ET AL. 2021). At a pulse overlap of 0.75 

and a scanning speed of 30 m ∙ s−1, which is near the limit of state-of-the-art galvanometer scanners for a reasonable optical 

setup, only an average laser power of 8 W can be exploited when working at the optimum fluence. 
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• Pulse burst application: A laser pulse burst consists of a series of several hundred to 

thousands of sub-pulses that are emitted rapidly succession. The individual sub-pulses 

within each burst are spaced at extremely short time intervals, determined by high intra-

burst repetition rates, typically in the megahertz or gigahertz range (REMUND ET 

AL. 2020). The bursts themselves are emitted at lower inter-burst repetition rates, which 

defines the time interval between successive bursts. Distributing the pulse energy across 

multiple sub-pulses in a burst can increase the ablation efficiency while maintaining a 

high surface quality, as the short intra-burst delays between sub-pulses attenuate thermal 

pulse-to-pulse effects (FOERSTER ET AL. 2021; KERSE ET AL. 2016). 

2.3 Concluding remarks 

The preceding subchapters established the theoretical groundwork for this thesis by outlining 

the fundamentals of battery technology (cf. Subchapter 2.1) and laser processing (cf. Subchap-

ter 2.2).  

First, from a product-side view, the emphasis was placed on the emerging ASSB technology, 

highlighting key differences compared to conventional LIBs. Central challenges, such as form-

ing stable solid–solid interfaces and integrating LMAs, were identified. Moreover, the process 

chain for ASSB manufacturing was presented, and the necessary adjustments from LIB fabri-

cation were discussed. Secondly, the basis for identifying laser processes suitable for ASSB 

production was established. To this end, essential system technologies and parameters of laser 

materials processing were presented, focusing on the determinants of pulsed laser material re-

moval. It was shown that short- and ultrashort-pulsed laser processes offer adjustable trade-offs 

between productivity and thermal damage, depending on the characteristics of the material. The 

properties and process requirements of materials used for ASSBs underscored the need for 

novel manufacturing approaches tailored to brittle oxide-ceramic SEs and reactive lithium. La-

ser micro-processing was introduced as a precise, non-contact method practical for machining 

sensitive battery components. Common laser micro-processing techniques for drilling, cutting, 

and surface modification were described, and the importance of carefully selecting both the 

laser system technology and the process design for their industrial-scale implementation was 

emphasized.  

The foundation laid in this chapter forms the basis for the subsequent discussion on how laser 

micro-processing can address specific demands in advanced battery production. Building on 

this, the following chapter reviews recent applications of laser micro-processing techniques in 

LIB and ASSB fabrication. 
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3 State of the Art 

Chapter 3 comprehensively explains the relevant literature on laser micro-processing in battery 

production, consolidating and extending the state-of-the-art sections from the embedded publi-

cations P1 – P9. Sections 3.1 and 3.2 focus on laser-based component separation and surface 

modification, respectively. Given the limited literature on the use of laser radiation in producing 

ASSBs, relevant references are also drawn from laser applications in traditional LIB produc-

tion. Finally, limitations of the current state of knowledge are identified in Section 3.3 to inform 

the derivation of specific ROs in Chapter 4. 

3.1 Laser-based component separation  

This section provides an overview of battery component separation using laser radiation, be-

ginning with conventional LIB electrodes (cf. Subsection 3.1.1), followed by lithium substrates 

(cf. Subsection 3.1.2) and ceramic SE layers (cf. Subsection 3.1.3). The focus is placed on pro-

cess-related aspects, with each subsection divided into a technological classification, the deri-

vation of quality indicators, and process design implications. 

3.1.1 Lithium-ion battery electrodes 

Separation processes in LIB production encompass electrode coil slitting and shape cutting. 

Blade or laser machines achieve continuous slitting speeds of more than 1.6 m ∙ s−1 when con-

verting master rolls into slave rolls (PETTINGER ET AL. 2018, p. 215). Fine blanking or laser 

cutting is employed in a downstream process step to shape electrode contours. This shift from 

continuous to batch production requires handling individual electrodes, which elevates cycle 

times. Technological advancements necessitated for separation processes include implementing 

inline quality assurance and process monitoring, contamination control, cycle time reduction, 

and the quality-assured separation of prospective materials (MICHAELIS ET AL. 2023, pp. 89 – 

94). Choosing between mechanical or photonic cutting techniques involves considerations of 

quality, efficiency, and cost. Although the following discussion primarily focuses on contour 

cutting due to its prevalence in the literature, most insights are equally applicable to slitting. 

Technological classification 

Mechanical separation methods have long dominated industrial battery production due to their 

modest acquisition costs and high cycle rates of up to ten strokes per second (MICHAELIS ET 

AL. 2023, p. 90). Yet, the narrow gap required between the punch and die, typically less than 

4 % of the sheet thickness, entails considerable tooling expenses (JANSEN ET AL. 2019a). Adapt-

ing to new cell formats necessitates redesigning the cutting tools, which limits production line 

flexibility. Moreover, the punching dies require frequent sharpening, especially when pro-

cessing abrasive materials like silicon, to maintain a high cut-edge quality, which further in-

creases operational expenses (JANSEN ET AL. 2019a).  
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Laser cutting has emerged as a viable alternative, offering enhanced flexibility and consistent 

quality due to its contactless working principle (MICHAELIS ET AL. 2023, p. 90). To achieve 

productivity levels comparable to fine blanking, the feed speeds in laser cutting must exceed 

1.0 m ∙ s−1 65 (LUETKE ET AL. 2011). Although laser cutting machines have higher initial costs, 

they can achieve financial breakeven relative to blanking systems through lower operational 

expenses 66. The prominence of laser cutting over mechanical methods in scientific literature 

likely reflects its superior flexibility and adaptability in process design. 

Quality considerations 

Achieving minimal scrap rates in electrode cutting is crucial for ecological and economical 

battery production due to the significant value embodied in the electrodes by the time they are 

separated (KWADE ET AL. 2018). Thus, JANSEN ET AL. (2019b) recommend to target reject rates 

below 0.09 % to ensure production efficiency. Common quality issues involve particle and melt 

contaminations, coating delamination, and HAZ formation (JANSEN ET AL. 2019b). Moreover, 

geometric parameters, such as the width and angle of the cut chamfer, characterize the cut edge.  

Detached particles or spatters present severe risks as they can trigger cell-internal short circuits 

by penetrating the separator, potentially leading to catastrophic cell failures cause (PLAIMER ET 

AL. 2016). Besides that, debris can obstruct ion transport by blocking separator pores (LAGADEC 

ET AL. 2018). JANSEN ET AL. (2019b) recorded spark ejection from the process zone during laser 

cutting using imaging techniques. The authors noticed that the number of sparks depends on 

the process parameter choice and they linked the deposition of metal spatters to premature cell 

failure in electrochemical experiments. Offline techniques, such as EDX, have been proposed 

to quantify spatter contamination (JANSEN ET AL. 2019b; SCHMIEDER 2012), while photo-opti-

cal or thermographic particle detection methods are available for inline application (JUST ET 

AL. 2013; KURFER ET AL. 2012; REINHART ET AL. 2013).  

However, these methods are often limited in cycle time, field of view, and detectable particle 

size. Consequently, process parameter tuning and cleaning operations are essential to minimize 

contamination (MICHAELIS ET AL. 2023, p. 92). Cut-edge defects pose additional risks for short 

circuits when intruding into the separator (KURFER ET AL. 2012). Mechanical cutting tends to 

produce burrs, whereas laser cutting may cause melt protrusions on the current collectors. The 

differing ablation thresholds of the current collector foil and the electrode coating result in a 

step-like cut-edge geometry with exposed foil sections (SCHMIEDER 2012). Gaussian laser 

beams further create a tapering chamfer in the residual coating (KRONTHALER ET AL. 2012). The 

HAZ is typically assessed via microscopy methods (BAUMANN ET AL. 2019). However, the 

HAZ extent may be underestimated due to the low-temperature evaporation of binder frac-

tions 67 in the vicinity of the process zone. This phenomenon is challenging to observe using 

optical methods, yet it potentially impacts the mechanical integrity of electrodes.  

Research has predominantly explored the physical aspects of cutting, with fewer studies dedi-

cated to the electrochemical impacts. Edge defects can reduce the usable electrode material and 

cell capacity, especially affecting smaller cells where the modified electrode volume share is 

proportionally larger (JANSEN ET AL. 2019a; SCHMIEDER 2015). JANSEN ET AL. (2019a) noted 

 
65 Manufacturers of industrial electrode separation systems claim to achieve cutting speeds of up to 2 m ∙ s−1 (MANZ AG 2024) 
66 For example, LUTEY ET AL. (2015) estimated that a laser unit functioning at a cutting velocity of 2.2 m ∙ s−1 could become 

more cost-efficient than mechanical alternatives within two to five years, contingent upon plant operation hours. 
67 For instance, the commonly employed binder PVDF evaporates at approximately 178 °C (INDERHERBERGH 1991). 
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that pouch cells containing laser-cut electrodes outperform those with die-cut electrodes in dis-

charge capability and cyclic lifetime, attributing this to the superior cut-edge quality. Further-

more, JANSEN ET AL. (2019b) observed that contamination plays a more significant role in bat-

tery lifetime than the cut-edge quality obtained by varying laser process parameters. CARBO-

NARI ET AL. (2020) linked cut-edge defects to increased electrical contact resistance. Elevated 

cell resistances were detected via EIS when electrodes with poor cut edges received by me-

chanical or suboptimal laser cutting were employed. Electrochemical testing confirmed that 

inferior cut-edge quality induced by an unsuitable laser parameter choice diminishes the dis-

charge capacities, underscoring the importance of precise cutting techniques. 

Process design 

Sizing anodes and cathodes to their desired shape using pulsed and CW laser radiation has been 

scientifically explored for over a decade. The process behavior of electrode laser cutting is in-

fluenced by the process design and the electrode composition, with the differing optical and 

thermal properties of current collector foils and electrode coatings playing a significant role. 

Most research has concentrated on specific types of laser beam sources, with only a few studies, 

like that of PATWA ET AL. (2012), comparing alternatives across different wavelengths and op-

erational modes. Thus, the following paragraphs organize relevant process studies according to 

the laser operation mode. 

Nanosecond-pulsed laser cutting has been the primary focus of scientific interest and is the 

industrial standard for laser-based electrode separation. SCHMIEDER (2015) utilized high-speed 

imaging techniques and energy budget calculations to improve comprehension of the ablation 

mechanism for short-pulsed laser cutting of graphite anodes. The findings indicated that laser 

radiation is mainly absorbed by the active material particles as the binder largely transmits in-

frared laser radiation. Subsequently, the heat is disseminated within the surrounding binder ma-

trix, ultimately causing binder evaporation and particle ejection due to the resulting vapor pres-

sure (see Figure 3.1). This thermal material removal model applies to short and long laser pulses 

as well as CW laser radiation. Notably, graphite does not undergo a liquid phase transition at 

ambient pressure (BUNDY ET AL. 1996), while CAM particles undergo fusion and re-solidifica-

tion, resulting in the deposition of molten material along the cut edge (LUTEY ET AL. 2015; 

LUTEY ET AL. 2016). 

KRONTHALER ET AL. (2012) recommended settings for cutting graphite anodes and NMC cath-

odes and suggested focusing the laser beam on the current collector between the upper and 

lower electrode coating. 

 

Figure 3.1:  The short-pulsed laser ablation process of a lithium-ion battery (LIB) electrode coating is schemati-

cally illustrated in four phases (I – IV). The figure was adapted from SCHMIEDER (2015).  
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LUTEY ET AL. (2014) found that shorter pulse durations yielded higher ablation efficiencies for 

graphite anodes and LFP cathodes, although the pulse fluence had a more pronounced effect 

than the pulse duration. Further experimental studies explored the efficiency and quality of 

nanosecond-pulsed laser cutting for NMC (LUTEY ET AL. 2016) and LCO (LUTEY ET AL. 2017). 

DEMIR & PREVITALI (2014b) found that applying green laser radiation reduces the clearance 

width at the cost of productivity compared to IR wavelengths. Conversely, LUTEY ET AL. (2015) 

reported higher efficiencies with green laser radiation due to increased absorption by the current 

collectors 68.  

JANSEN ET AL. (2019a) observed differences in cut-edge characteristics between laser and die 

cutting, with variations based on electrode compaction. Compared to die cutting, laser cutting 

produced a smaller HAZ for anodes but not cathodes. JANSEN ET AL. (2019b) linked the cutting 

speed and pulse repetition rate to the chamfer width and HAZ by empirical modelling. Moreo-

ver, they suggested that laser pulses are attenuated by plasma formation. BERHE ET AL. (2022) 

explored the effects of scanning speed and laser power on silicon anodes, predicting the cut-

edge quality by regression modeling and an analysis of variance (ANOVA) 69. Finally, BAU-

MANN ET AL. (2022) proposed increasing the local laser intensity by superimposing two partial 

beams through direct laser interference patterning. This innovative approach enhanced separa-

tion speeds for copper current collector foils by a factor of approximately 2.5. However, its 

application for electrode cutting has yet to be studied. 

CW electrode cutting mainly targets achieving superior cutting speeds through the excellent 

beam qualities and high average powers of single-mode laser beam sources. LUETKE ET 

AL. (2011) demonstrated that already a power level of 250 W allows to surpass a cutting speed 

of 1 m ∙ s−1 for both the cathodes and anodes, while increasing the power to 5 kW enables 

speeds exceeding 10 m ∙ s−1, outperforming nanosecond laser units. LEE ET AL. (2016) identi-

fied process windows for CW laser cutting of LCO cathodes and graphite anodes and proposed 

paramter sets for reduced kerf and clearance widths. BAUMANN ET AL. (2019) attained single-

scan cutting speeds of up to 6 m ∙ s−1 for graphite anodes and 3 m ∙ s−1 for LFP cathodes using 

a single-mode CW fiber laser. However, the authors evidenced that multi-pass cutting at lower 

laser powers diminishes the formation of spatters and an HAZ. LEE ET AL. (2019) defined five 

cutting regimes for compressed and uncompressed LFP cathodes, noting enhanced cut-edge 

features for compacted cathodes. Similar categorizations were applied to graphite anodes 

(LEE 2018; LEE & SUK 2020) and LCO cathodes (LEE & AHN 2017).  

Besides that, a series of studies advanced the understanding of the occurring physical mecha-

nisms during CW laser cutting through numerical modeling. Initial simulations focused on the 

interaction of laser radiation with current collector foils, considering heat transfer, fluid dynam-

ics, evaporation, recoil pressure, capillary and thermo-capillary forces, multiple reflections, and 

Knudsen layer formation (LEE ET AL. 2012; LEE & MAZUMDER 2018). Later, the three-dimen-

sional mathematical model was extended to simulate the laser processing of entire anodes (LEE 

ET AL. 2013).  

Research on the ultrashort-pulsed laser cutting of electrodes remains relatively scarce compared 

to studies focusing on longer pulse durations. ZHANG ET AL. (2019a) explored cutting graphite 

 
68 The reflectance of copper significantly decreases for a wavelength of 532 nm compared to 1064 nm (QUERRY 1985, p. 174). 
69 An ANOVA allows to determine the effect of independent variables on a dependent variable in a regression study (TABACH-

NICK & FIDELL 2007, p. 1). 
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anodes with pico- and femtosecond laser pulses, whereas a multi-scan cutting strategy improved 

the cut-edge quality compared to separation with a single scan cycle. The authors estimated that 

power levels of 162 W, 185 W, and 296 W are required to achieve a cutting speed of  

0.5 m ∙ s−1 at pulse durations of 250 fs, 1 ps, and 10 ps, respectively. This high power demand 

for reaching competitive cutting speeds may explain why ultrashort-pulsed laser beam sources 

have yet to be widely adopted in commercial battery production, despite their potential to create 

high-quality cut edges. Thus, HUANG ET AL. (2021) applied picosecond pulse bursts to enhance 

the cutting efficiency for copper current collector foils and graphite anodes. Switching from 

single pulses to pulse trains with ten sub-pulses doubled the cutting speed for graphite anodes 

at equivalent average laser powers.  

3.1.2 Lithium metal substrates 

The scientific literature on laser processing of lithium substrates is limited. Nonetheless, theo-

retical considerations enable the identification of critical quality parameters, and research on 

similar materials provides valuable insights into process design. This subsection summarizes 

the most important aspects of cutting lithium layers with laser radiation. 

Technological classification 

Utilizing lithium as the AAM necessitates adapting the cutting processes used in current battery 

production. LIB electrodes typically are porous particle–binder composites coated onto metallic 

current collectors, whereas LMAs are available as freestanding films or are coated or laminated 

onto current collector foils. The desired LMA thickness is dictated by the targeted lithium ex-

cess and is typically expected to range from 10 − 20 μm (cf. Subsection 2.1.4), which is con-

siderably thinner than the 50 − 150 μm standard for LIB electrode coatings (DUFFNER ET 

AL. 2021b; SCHMUCH ET AL. 2018). Moreover, the material properties of lithium, including its 

adhesiveness (GRADY 1980, p. 133), softness (GARRETT 2004, p. 211), flammability, and reac-

tivity (JEPPSON ET AL. 1978, pp. 21 – 42), pose substantial processing difficulties. While the 

challenges in handling the sensitive layers can be managed through careful manual handling 

(WU ET AL. 2019a) and by applying exceptionally thick lithium foils or pellets (FRITH ET 

AL. 2023; LIU ET AL. 2019) in laboratory settings, they complicate industrial-scale processing. 

In experimental setups, LMAs are typically singularized manually from coils using scissors or 

hand punches (STUMPER ET AL. 2023b). Frequent tool cleaning is required to counteract the 

progressive deterioration of the cut-edge quality by blade contamination from lithium residue 

build-up (JANSEN ET AL. 2018). These concerns raise doubts about the suitability of mechanical 

cutting techniques, such as fine blanking and roll knife slitting, for large-scale production. Con-

sequently, numerous patents have proposed modified separation processes tailored to the 

unique requirements of LMAs.  

One proposed method to prevent contamination involves applying lubricants to the blades. 

However, in that case, additional cleaning steps are required to remove lubricant residues from 

the LMAs prior to battery assembly (BACKLUND 1977). An alternative strategy avoids direct 

contact between the cutting tools and lithium by interposing a thin, flexible film, leveraging the 

deformability of plastics like polyethylene to withstand cutting stresses (BACKLUND 1977; 

BEAUCHAMP & FUSEY 2020). A common challenge of these methods is ensuring the complete 

removal of any cutting additives. Other cutting technology innovations include cutting tools 

with asymmetric blade geometries (SHANNON ET AL. 2020) or lithium-repellent 
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coatings 70 (WEBER 2019). Nevertheless, the abovementioned techniques have yet to undergo 

rigorous scientific investigation or industrial adoption. Recent reviews on LMB production un-

derscored the advantages of contactless laser cutting over traditional mechanical methods 

(DUFFNER ET AL. 2021b; SCHNELL ET AL. 2018). While laser cutting is speculated to offer lower 

throughput and higher costs compared to mechanical cutting, these assumptions lack empirical 

validation (DUFFNER ET AL. 2021b). As with LIB electrode separation, the choice of a cutting 

technique for LMAs depends on the achievable cut-edge quality and process efficiency, which 

is further discussed in the following paragraphs. 

Quality considerations  

The surface quality of LMAs is critical to the performance of LMBs, particularly in maintaining 

uniform lithium stripping and plating during battery operation. Early research on batteries with 

LE and PE correlated the growth of lithium dendrites to localized current density variations 

caused by surface defects (BRISSOT ET AL. 1999; GIREAUD ET AL. 2006). This concept has since 

been extended to ceramic ASSBs, where the distortion and bundling of electric current lines at 

discrete contact points along the lithium–SE interface lead to constriction resistances 71 that 

hinder charge transfer (CAO ET AL. 2020; KRAUSKOPF ET AL. 2019b). Microstructural defects 

on the surface of LMAs diminish the effective contact area to the adjacent SE separator, result-

ing in increased interfacial impedances and current focusing 72 (see Figure 3.2, a). Thus, the 

initial lithium stripping step after cell assembly is especially influenced by the LMA surface 

microstructure, which affects battery performance in subsequent cycles (KASEMCHAINAN ET 

AL. 2019). Cutting-induced defects, such as spatters, pits, or areas of melt elevation, alter the 

inflow of lithium ions and lead to uneven lithium deposition rates. Figure 3.2 (b) depicts the 

surface of an LMA after nanosecond laser cutting, showing typical microstructural defects.  

 

Figure 3.2:  (a) The impact of the interface morphology between a lithium metal anode (LMA) and a solid elec-

trolyte (SE) layer is schematically presented from a top and a side view. The limited contact points 

between the two layers result in constriction resistances and the bending of current lines. The figure 

was adapted from KRAUSKOPF ET AL. (2019b). (b) An exemplary top view of a laser cut in a free-

standing lithium substrate obtained with scanning electron microscopy (SEM) is shown. Surface de-

fects, such as melt elevations and spatters, are marked. This cut was performed with a nanosecond-

pulsed laser unit under arbitrary process parameters, demonstrating the occurrence of melt elevations 

and spatters. 

 
70 For instance, ceramic garnet coatings prevent lithium adhesion by forming lithiophobic Li2CO3 (WEBER 2019, p. 3). 
71 Constriction resistances arise from inadequate contact between electrical conductors, leading to current line bundling around 

discrete contact points (SLADE 2014, p. 4 f.).  
72 Current focusing refers to the formation of current hotspots due to unbalanced Li+ ion current distributions (KRAUSKOPF ET 

AL. 2020, p. 7766).  
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Applying external pressure can leverage the plasticity of lithium to enhance the contact with 

adjacent layers (MASIAS ET AL. 2019). However, the risk of short-circuiting and the practical 

challenges of applying high pressures question the viability of this approach as a comprehensive 

solution for overcoming surface defects (DOUX ET AL. 2020; WANG ET AL. 2019b).  

Given lithium’s high reactivity, cutting processes should be conducted in a dry or inert gas 

atmosphere to prevent adverse reactions. This aspect is further examined in Subsection 3.2.2, 

which is dedicated to the surface characteristics of LMAs. 

Process design 

In the academic sector, only small quantities of lithium are typically processed for manufactur-

ing prototype LMBs. Consequently, in-depth exploration of individual production processes 

has not been a primary research focus, as XIAO ET AL. (2023) noted. The limited emphasis on 

lithium processing has resulted in a scarce scientific literature base on its laser cutting. Lithium 

exhibits a low thermal conductivity of 85 W ∙ (m ∙ K)−1 as well as comparably low melting and 

boiling points of 181 °C and 1342 °C, respectively (GARRETT 2004, p. 211). These thermal 

properties are major determinants for its behavior when subjected to laser radiation.  

Studies on the laser cutting of magnesium alloy (AZ31) (DEMIR & PREVITALI 2014a) and pure 

zinc (CATALANO ET AL. 2018) have revealed dross formation as a critical factor affecting the 

cut-edge quality of metals with low melting points 73. This finding provides an initial indication 

of the behavior of lithium under the influence of laser radiation. 

HOERDEMANN (2018, p. 52) used spectrometric analyses to show that lithium’s absorption for 

typical laser wavelengths is below 10 %, but increases above 60 % for UV wavelengths. More-

over, an ablation threshold of 0.6 J ∙ cm−2 at a pulse duration of 10 ps and a wavelength of 

532 nm was identified, with experiments performed inside an inert gas box to prevent lithium 

degradation. Further optical measurements for lithium were presented in a patent by 

BOCKSROCKER (2022), illustrating that the absorption can be increased by factors of 2.8 and 

10.6 when working at wavelengths of 515 nm and 355 nm, respectively. These observations 

differ from the previously reported data, especially concerning the absorption at a wavelength 

of 532 nm (HOERDEMANN 2018, p. 52). Such discrepancies might be due to the relative surface 

conditions of the lithium layers, resulting from varying fabrication methods and degradation 

levels. According to BOCKSROCKER (2022), the higher absorption allows for higher scanning 

velocities, which, in turn, reduces HAZ formation, melt residues, and LiOH accumulation along 

the cut edge.  

JANSEN ET AL. (2018) utilized a nanosecond laser unit to cut a 50 μm thick freestanding lithium 

foil in dry atmosphere. The authors observed pronounced melt bulges and emphasized the need 

for high pulse overlaps to stabilize the melt pool during cutting. Adjusting the cutting speed 

affected the melt width and elevation. Diminishing the pulse duration from 240 ns to 26 ns 

impeded the formation of a continuous melt pool, which entailed uneven cut edges. After laser 

cutting at a dew point of −15 °C, reaction products were detected near the cut edge, while such 

contaminations could be prevented by lowering the dew point to −30 °C. Laser cutting of de-

graded lithium samples triggered their ignition, showcasing the inherent safety risk of the  

process.  

 
73 The melting points of pure zinc and AZ31 are 420 °C and 632 °C, respectively (CATALANO ET AL. 2018).  
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3.1.3 Ceramic solid electrolyte layers 

Ceramic ASSBs are predominantly fabricated in laboratory settings as small-format, single-

layer prototypes. As a result, ceramic SE layers are commonly prepared manually, limiting 

research on their separation. This subsection provides an overview of the technological frame-

work for separating these substrates by integrating potential quality characteristics derived from 

battery research with process design insights on the laser machining of ceramics. The focus is 

placed specifically on oxide-ceramic SE, as they are the primary materials investigated in this 

thesis. 

Technological classification  

Ceramic SE layers are produced mainly by high-temperature sintering (cf. Subsection 2.1.6). 

Prior to sintering, the low hardness of the unfired green tapes facilitates their pre-shaping by 

mechanical punching (GROSS ET AL. 2021; JIANG ET AL. 2020). However, the SE layers are sub-

ject to geometric changes during heat-induced densification. For instance, GROSS ET AL. (2021) 

and GROSS ET AL. (2022) observed shrinkage of circular LATP samples by 20 − 26 % depend-

ing on the sintering additives employed. Similarly, YANG ET AL. (2018c) reported volume re-

ductions of 8 − 10 % for LLZO pellets. Thus, a secondary cutting step post-sintering is essen-

tial to obtain precisely shaped SE layers (SCHNELL ET AL. 2018).  

Once sintered, oxidic SE layers become extremely brittle, with a fracture toughness around  

1 MPa ∙ m0.5, which is at the lower end for ceramics and far below the values of metals, which 

range from 20 − 100 MPa ∙ m0.5 (WOLFENSTINE ET AL. 2018). The low ductility poses chal-

lenges for the mechanical processing of thin SE layers. Conventional cutting methods, such as 

mechanical scribing and breaking, wire saw cutting, or abrasive wheel cutting, are likely to 

induce fractures, micro-cracks, and edge-chipping, similar to what has been observed for other 

technical ceramics (RAKSHIT & DAS 2019). In contrast, contact-free cutting techniques, such as 

wire electrical discharge machining and abrasive water jet machining, provide benefits in re-

ducing mechanical damage. However, laser beam machining stands out from these methods 

due to its high cutting rates (RAKSHIT & DAS 2019; SAMANT & DAHOTRE 2009). 

Quality considerations 

Knowledge regarding laser material processing of ceramic SEs and the implications of cut-edge 

characteristics on the performance of ASSBs remains limited. The following discussion aims 

at linking the attributes of thin ceramic substrates 74 after laser processing to electrochemical 

theory to conclude on potential quality-relevant cut-edge characteristics.  

During ceramic laser processing, various defects might be introduced into the material. Firstly, 

melt formation has been observed across diverse ceramics and pulse durations, leaving behind 

a characteristic rim when liquid material fractions are displaced by pressure-induced hydrody-

namic motion (BEN-YAKAR ET AL. 2007; NIETO ET AL. 2015; RUNG ET AL. 2022). Secondly, 

cracking and chipping due to thermal stresses are well-documented effects when machining 

ceramics with laser radiation (NARAZAKI ET AL. 2020; SUN ET AL. 2016; WLODARCZYK ET 

AL. 2016). Based on these findings, especially for SEs that exhibit anisotropic thermal expan-

sion, like LATP (JACKMAN & CUTLER 2012), fracturing can be anticipated in case of excessive 

heat generation within the process zone. Thirdly, high-density free electrons excited by 

 
74 To facilitate comparisons with SE layers intended for use as separators, studies focusing on the laser processing of ceramic 

layers with thicknesses significantly less than 1 mm are prioritized.  
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ultrashort laser pulses can lead to needle-like cracks due to electronic damage 75 (SUN ET 

AL. 2013; SUN ET AL. 2016).  

The anticipated damage profiles occurring during laser processing can be correlated with the 

mechanical requirements for SE layers and known degradation mechanisms in ASSBs. On the 

one hand, mechanical integrity is essential for the damage-free assembly and reliable operation 

of ASSBs. Microstructural irregularities along the cut edges diminish the mechanical strength 

of SE components, as these irregularities serve as points of concentrated mechanical 

stress (BADDING ET AL. 2011).  

On the other hand, inhomogeneous physical contact between the LMA and the SE separator is 

electrochemically detrimental, as discussed in Subsection 3.1.2. Alongside defects in the LMA, 

protrusions and cracks in the SE layer can also trigger current focusing (KRAUSKOPF ET 

AL. 2020, p. 7767). Imperfections at the LMA–SE interface may fill with lithium during elec-

trodeposition. Then, rising current densities at crack tips lead to stress accumulation, ultimately 

causing brittle fracture of the SE layer (see Figure 3.3, a). It has been speculated that the local-

ized creep of lithium from cracks relates to stress development and impacts the CCD (KAZYAK 

ET AL. 2020; LEPAGE ET AL. 2019). BUCCI & CHRISTENSEN (2019) corroborated this assumption 

through continuum modeling, showing that the driving force for lithium plating at crack tips 

increases with crack length.  

Besides that, micro-cracks are suspected to cause non-uniform current densities due to locally 

reduced ionic conductivity in SE substrates (JACKMAN & CUTLER 2012). PORZ ET AL. (2017) 

demonstrated crack propagation across four ceramic SE types with varying surface grades in 

electrodeposition experiments coupled with microscopy. Their study included the development 

of an electrochemical model that highlighted the critical importance of minimizing SE surface 

defects, as these defects propagate beyond a CCD under mechanical stress. In addition, 

KRAUSKOPF ET AL. (2019a) monitored the initial stage and propagation of lithium penetration 

into LLZO in operando. The growth of lithium dendrites was observed by in-situ and ex-situ 

microscopic methods and the local current densities at the whisker roots were estimated to be 

as high as several hundred mA ∙ cm−2. Consequently, the authors argued that mechanical dam-

ages at the SE layer surface serve as preferred sites for lithium nucleation 76, further stressing 

the need for defect-free SE layers in ASSB applications. 

Beyond mechanical damage, chemical degradation induced through the heat impact during la-

ser processing can impact the SE layer characteristics. For instance, the release of aluminum 

ions from AlPO4 and the reduction of Ti4+ to Ti3+ are triggered when heating LATP to 900 °C 

(GELLERT ET AL. 2018). The reduction of titanium manifests itself as a blue coloring (CUI 2018, 

p. 133 f.), which, together with other cutting defects, is depicted in Figure 3.3 (b).  

Besides that, ZHANG ET AL. (2019c) recognized the localized transition from an amorphous to 

a crystalline phase when creating nano-gratings in glass substrates by ultrashort-pulsed laser 

radiation. Such a transition may lead to inhomogeneous charge transfer, given that the crystal-

linity affects the ionic conductivity of SEs (ZHANG ET AL. 2019b).  

 
75 Electronic damage is a known mechanism of crack formation for materials processing of dielectrics with ultrashort laser 

pulses induced by refractive index modifications through high-density free electrons (SUN ET AL. 2013, SUN ET AL. 2016). 
76 Lithium nucleation refers to the aggregation of lithium atoms to nuclei during the primary stage of lithium metal deposition 

when lithium ions from the electrolyte gain electrons and are reduced to metallic lithium (PEI ET AL. 2017).  
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Figure 3.3:  (a) The initiation of solid electrolyte (SE) layer penetration at lithium-filled surface defects due to 

current focusing and stress accumulation at the tip of a surface flaw is illustrated. The highlighted 

detail exhibits the localized viscous flow away from the tip. The figure was adapted from depictions 

by LEPAGE ET AL. (2019) and KRAUSKOPF ET AL. (2020). (b) A laser scanning microscopy (LSM) 

image of a nanosecond-pulsed laser cut in an LATP layer is presented, revealing various defects, 

including cracks, melt bulges, and traces of blue coloring due to chemical alterations along the  

cut edge.  

Process design 

Given the limited scientific literature on the laser processing of ceramic SEs, an initial exami-

nation of the general behavior of ceramics under laser radiation is presented below to derive 

insights applicable to SE processing. Due to their dielectric nature and lack of free electrons, 

ceramic materials exhibit low linear absorption across most wavelengths (cf. Subsection 2.2.3). 

Material removal of ceramics with CW laser beams and short laser pulses relies on thermal 

mechanisms. However, with boiling points usually exceeding 1000 °C, the thermal stresses and 

shocks induced during the process often result in poor cut-edge quality (PERRY ET AL. 1999). In 

contrast, the non-linear absorption mechanisms and localized heat impact associated with pico- 

and femtosecond laser pulses enhance ceramic machinability (IHLEMANN ET AL. 1995; SCHAF-

FER ET AL. 2001). Consequently, contemporary studies have primarily focused on using ultra-

short laser pulses for processing of technical ceramics, such as alumina (Al2O3) (HAN ET 

AL. 2023; RUNG ET AL. 2022), zirconia (ZrO2) (ACKERL ET AL. 2021; ACKERL & WE-

GENER 2019), and aluminum nitride (AlN) (NARAZAKI ET AL. 2020; 2021). 

Structural defects, impurities, and grain boundaries influence the laser absorption in dielectric 

materials (ARMBRUSTER ET AL. 2018), suggesting that similar microstructural features in SE 

layers may affect their laser processing behavior. Moreover, the low thermal conductivity 

within ceramic materials promotes heat accumulation during laser processing (KIM ET AL. 2009; 

NARAZAKI ET AL. 2020; 2021). This is particularly relevant for NaSICON ceramics, which have 

comparably low thermal conductivities 77 of less than 2 W ∙ (m ∙ K)−1, depending on substrate 

density (BUCHARSKY ET AL. 2016; ROHDE ET AL. 2020). Consequently, scaling up laser cutting 

of ceramics is challenging (cf. Subsection 2.2.4). Stepwise material ablation offers a viable ap-

proach to mitigate breakage due to excessive thermal impact. Unlike LIB electrodes and lithium 

substrates, which are typically separated within a single scan cycle, ceramic components may 

require multiple scan cycles to achieve complete separation. Since stepwise ablation usually 

 
77 For example, the popular ceramics Al2O3 and AlN possess room-temperature thermal conductivities of 230 W ∙ (m ∙ K)−1 

and 32 W ∙ (m ∙ K)−1, respectively (NARAZAKI ET AL. 2021). 
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reduces the absolute cutting speeds, a primary objective in ceramic machining is to optimize 

material removal efficiency to enable process scaling. To this end, one promising approach to 

enhance the specific material removal rates for ceramics involves applying mega- and gigahertz 

pulse bursts (HODGSON ET AL. 2020; METZNER ET AL. 2022; REMUND ET AL. 2020). 

Although scientific studies on laser cutting of ceramic SEs remain limited, BADDING ET 

AL. (2019) patented a method for the micro-machining of SE membranes. Therein, potential 

laser parameter sets 78 for cutting LATP membranes are proposed, though no experimental val-

idation is provided. The authors suggested that multiple laser scan cycles may be needed to 

fully ablate SE sheets, depending on their thickness and the laser parameter choice. Further-

more, they noticed that laser-ablated membranes might exhibit characteristics of liquid-phase 

sintering. Relative to the uncut sheet, the laser-generated cut edge might appear flatter, wrinkle-

free, thinner, pore-free, and fine-grained, with enhanced mechanical strength, density, and her-

meticity. The improved mechanical strength of laser-cut samples compared to shrink-to-fit sam-

ples was demonstrated in a three-point bending test.  

It shall be noted that XU ET AL. (2021) and YAN ET AL. (2022) demonstrated the laser fabrication 

of micro-structures in LLZO and LAGP pellets, respectively. However, both publications fo-

cused on the electrochemical benefits of three-dimensional interface modification rather than 

on process design specifics, which is why they are discussed in greater detail in Subsec-

tion 3.2.3. 

3.2 Laser-based surface modification 

This section concentrates on surface modification of battery components using laser micro-

processing techniques. Initially, electrode laser structuring is reviewed as a reference process 

from LIB production (cf. Subsection 3.2.1). Building on this foundation, two approaches for 

modifying the surface structure of ASSB components are examined. Subsection 3.2.2 addresses 

the treatment of LMAs aimed at enhancing their morphological and chemical surface charac-

teristics. Subsection 3.2.3 then explores methods for fabricating SE scaffolds, detailing how 

laser ablation can be utilized to manufacture scaffolds with a directed microstructure. Overall, 

a product-focused perspective is adapted, emphasizing potential improvements to ASSBs 

through the introduced laser techniques. However, given that the same materials are covered as 

in Section 3.1, many of the insights into the process behavior also apply here. 

3.2.1 Electrode laser structuring 

Laser structuring is a prominent method for modifying the interface between the LE and the 

active material particles within LIB electrodes, which presents significant promise for industrial 

implementation (PFLEGING 2020). The following paragraphs provide an overview of the theo-

retical concept alongside relevant process- and product-related research. For a comprehensive 

understanding, readers are encouraged to explore doctoral theses on electrode laser structuring 

by PROELL (2014), KOHLER (2014), MANGANG (2019), and HABEDANK (2021). 

 
78 The recommended laser units included a picosecond laser beam source with a pulse repetition rate of 1 MHz operating at a 

wavelength of 355 nm, a femtosecond laser beam source with a pulse duration below 700 fs, a pulse repetition rate of 1 MHz, 
and a pulse energy of 10 μJ operating at a wavelength of 1560 nm, and a nanosecond laser beam source with a pulse repetition 

rate of 0.1 MHz operating at a wavelength of 1560 nm. (BADDING ET AL. 2011) 
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Underlying concept  

The microstructural design of electrodes is critical to the performance of LIBs, directly affect-

ing their energy and power densities. Key design parameters, such as the electrode’s loading, 

thickness, and porosity, are mainly established during the coating, drying, and calendering pro-

cesses depending on the material choice and process specifics (BUQA ET AL. 2005; ZHENG ET 

AL. 2012). To achieve high energy densities, minimizing the passive material content within a 

battery is essential, which requires thick and densely packed electrodes with high areal capaci-

ties. However, low-porosity electrodes suffer from high tortuosities, which hamper ion 

transport (THORAT ET AL. 2009; ZACHARIAS ET AL. 2013). This issue is further exacerbated as 

electrode thickness increases (GALLAGHER ET AL. 2015; SINGH ET AL. 2015). The elongated ion 

diffusion pathways through the LE contained within the pore structure result in lithium-ion 

concentration gradients and electrochemical overpotentials under high current loads. These fac-

tors limit the battery’s capacity and promote the risk of lithium plating when the anode potential 

locally falls below 0 V versus Li / Li+ (cf. Subsection 2.1.4) (GALLAGHER ET AL. 2015; SUTHAR 

ET AL. 2015). Therefore, techniques to enhance ion transport within electrodes are of interest to 

achieve high energy and power densities simultaneously. 

To overcome diffusion limitations within the complex pore network of LIB electrodes, a pa-

tented method by SAUTER (2012) relies on introducing cavities perpendicular to the electrode 

surface. These engineered pores, typically organized periodically in grid, line, or hole patterns, 

act as shortcuts for lithium ions, effectively reducing the through-plane tortuosity within elec-

trodes by curtailing the ion diffusion pathways (see Figure 3.4, a) (NEMANI ET AL. 2015). Ac-

cording to a taxonomy presented by HUNG ET AL. (2022), electrodes featuring a secondary pore 

network (SPN)79 are classified as structured electrodes, a subset within three-dimensional bat-

tery designs.  

Various manufacturing techniques have been explored to adjust the electrode pore morphology, 

including co-extrusion (BAE ET AL. 2013), magnetic particle alignment (BILLAUD ET AL. 2016; 

SANDER ET AL. 2016), multi-layer coating (BITSCH ET AL. 2016), pore-forming agent evapora-

tion (JANG ET AL. 2021), micro-embossing (KEILHOFER ET AL. 2023; SANDHERR ET AL. 2023), 

and freeze-casting (HUANG ET AL. 2019; HUANG & GRANT 2018). Laser radiation was also in-

vestigated for the subtractive creation of cavities shortly after the initial patent disclosure (PRO-

ELL ET AL. 2014).  

Laser structuring offers several advantages, including the ability to produce precise structures 

with micrometer-sized features and to alter the electrode surface without mechanical impact, 

preserving the material surrounding the induced structures. Additionally, laser structuring can 

be seamlessly integrated into existing roll-to-roll electrode manufacturing lines as a drop-in 

technology. Finally, laser structuring has already been applied in other industries, which, to-

gether with the ever-increasing average laser powers (BRINKMEIER ET AL. 2022), makes it a 

promising candidate for industrial implementation.  

Figure 3.4 (b) exemplarily depicts the surface of a laser-structured graphite anode with the drill-

ings arranged in a hexagonal pattern.  

 
79 USSEGLIO-VIRETTA ET AL. (2020) define an SPN as a structure in which additional engineered pores are selectrively intro-

duced to complement rather than substitute the existing pore network within an electrode. These SPNs are also commonly 

referred to as dual-pore networks. 
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Figure 3.4:  (a) The cross section of a graphite anode with laser-induced structures is schematically depicted. Ex-

emplary lithium-ion transport pathways through the native electrode structure and a laser-induced 

pore are comparatively delineated. The figure was adapted from HABEDANK ET AL. (2018a). (b) A 

scanning electron microscopy (SEM) top view of a laser-structured graphite anode with drillings ar-

ranged in a hexagonal pattern is shown. The microscopic drillings were introduced by using a pico-

second-pulsed laser process.  

It is worth noting that three-dimensional thin-film electrode designs have been proposed for 

micro-batteries 80 (FERRARI ET AL. 2015) and implemented using laser methods (KOHLER ET 

AL. 2013; PROELL ET AL. 2011; PROELL ET AL. 2013). However, due to the significant differ-

ences in functionality and applications between micro-batteries and the battery types discussed 

in this thesis, such studies are not further considered. Additionally, research has been conducted 

to counteract the clogging of electrode pores with binder–additive fractions (SCHMIDT ET 

AL. 2018), employing a quasi-two-dimensional surface treatment (BOLSINGER ET AL. 2020; 

ENDERLE ET AL. 2020; KLEEFOOT ET AL. 2022; SANDHERR ET AL. 2022). However, as this ap-

proach focuses on minimal active material removal and resembles laser cleaning rather than 

structuring, it is detailed further in Subsection 3.2.2. 

Process design, scale-up, and integration 

This paragraph addresses essential considerations for integrating electrode laser structuring into 

industrial practices. Initially, research focused on laser process design, with later efforts shifting 

towards scaling the process for inclusion in LIB production lines. The fundamental mechanism 

of laser structuring involves removing entire active material particles by evaporating the sur-

rounding binder (PROELL 2014, p. 182), akin to laser cutting (cf. Subsection 3.1.1). The need 

for fine features and structure geometries arranged in various patterns has led to a focus on 

pulsed laser beam sources, primarily in the ultrashort pulse regime. 

MANGANG ET AL. (2016) explored nano-, pico-, and femtosecond laser pulses for structuring 

LFP cathodes, asserting ultrashort pulses are particularly effective for achieving both structures 

with high depth-to-width aspect ratios and high ablation rates. HABEDANK ET AL. (2018a) ob-

served that higher binder contents in graphite anodes resulted in lower ablation depths for 

femtosecond laser pulses. PARK & LEE (2021) employed nanosecond laser pulses to create 

grooves in LFP cathodes, identifying distinct partial, full, and excessive ablation regimes. SEM, 

EDX, and XRD analyses by DUNLAP ET AL. (2022) showed that ultrashort-pulsed laser struc-

turing can be performed without significant chemical or structural damage to the electrodes.  

 
80 Micro-batteries are characterized by volumes of ≤ 0.1 cm3, energy densities of ≤ 1 J ∙ cm−2 ∙ μm−1, and electrode coating 

thicknesses of ≤ 10 μm (FERRARI ET AL. 2015).  
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MEYER ET AL. (2023) conducted ablation experiments on graphite and silicon–graphite anodes 

using femtosecond laser pulses, focusing on the impact of pulse-to-pulse interactions on struc-

ture geometry, defect formation, and volume ablation rate. HILLE ET AL. (2023a) introduced a 

threshold-based segmentation algorithm for automated topographic characterization of laser-

structured electrodes in LSM images, improving accuracy and efficiency in analyzing large data 

sets. The software enabled the assessment of 1897 parameter combinations in a separate study 

using a picosecond-pulsed laser unit (HILLE ET AL. 2023c). Amongst others, the finding re-

vealed that wavelengths of 532 nm and 355 nm, combined with pulse bursts, are advantageous 

for achieving high aspect ratios in graphite anodes. SIKORA ET AL. (2024) showcased that femto-

second pulse bursts could reduce processing time to nearly 25 % by splitting the single-pulse 

energies in trains of 32 pulses.  

Scaling up electrode laser structuring poses significant challenges for industrial implementa-

tion. Two main approaches identified in the literature are the combination of high-speed scan-

ning systems with high pulse repetition rates and multi-beam processing. HABEDANK ET 

AL. (2020) outlined requirements for inline electrode structuring and conceptualized a polygon 

scanning unit achieving precise spatial pulse positioning at deflection speeds of several thou-

sand meters per second. HILLE ET AL. (2023c) demonstrated a reduction to almost 10 % in pro-

cessing time for picosecond-pulsed anode structuring by generating 21 sub-beams with a DOE. 

Model calculations based on their experimental findings suggested the need for kilowatt-level 

laser powers to meet industrial throughput, with estimated process cost around  

2 US$ ∙ (kWh)−1. YAMADA ET AL. (2023) introduced a roll-to-roll system capable of creating 

1 ∙ 105 through-holes per second by transferring electrodes across a hollow cylinder with open-

ings allowing for guiding a laser beam onto the substrates from within the cylinder.  

As a drop-in technique to the conventional LIB production chain, laser structuring impacts both 

upstream and downstream processes. Additional channels in structured electrodes facilitate 

faster cell wetting by enabling rapid LE percolation. PFLEGING ET AL. (2014) and PFLEGING & 

PROELL (2014) provided evidence of an accelerated electrolyte uptake of structured cathodes 

through capillary rise testing, significantly reducing the wetting period before cell formation. 

HABEDANK ET AL. (2019b) monitored the wetting of pouch cells via neutron radiography 81. 

Employing electrodes with a laser-induced grid structure reduced the LE permeation time from 

hours to minutes.  

DUNLAP ET AL. (2022) confirmed that structuring one electrode also enhances electrolyte im-

pregnation in the opposing electrode. Further evidence of improved electrolyte uptake in laser-

structured electrodes was provided by BERHE ET AL. (2023), employing optical imaging, contact 

angle measurements, and capillary rise testing. Associated analytical modeling allowed the sim-

ulation of wetting rates for LFP cathodes with various groove geometries.  

In addition to the works concentrating on cell wetting, HILLE ET AL. (2023b) investigated feasi-

ble integration positions for laser structuring in the LIB production chain. Implementing laser 

structuring after the coating, drying, and calendering step highlighted individual advantages for 

geometrical, mechanical, and electrochemical electrode characteristics at each integration 

point. 

 
81 Neutron radiography is a non-destructive imaging technique that uses neutrons for high-resolution imaging of internal object 

structures. Unlike X-rays, neutrons do not interact with electrons but with the atomic nucleus, rendering neutron radiography 

effective in imaging dense materials. (STROBL ET AL. 2009) 
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Electrochemical characteristics 

This paragraph reviews the beneficial impact of electrode laser structuring on the electrochem-

ical performance of LIBs, as reported in the literature. Initial studies investigated combining 

structured and standard electrodes to identify the sources of electrochemical improvement. In-

dependent research groups have consistently demonstrated improved current rate capabilities 

for LIBs with laser-structured cathodes (BRYNTESEN ET AL. 2023; MANGANG ET AL. 2016; PRO-

ELL ET AL. 2014; SMYREK ET AL. 2016; ZHU ET AL. 2019b; ZHU ET AL. 2021) and anodes 

(DUBEY ET AL. 2020; HABEDANK ET AL. 2018a; KIM ET AL. 2018). The increased accessible ca-

pacities, especially at high current rates, were attributed to reduced tortuosities and superior 

lithium-ion diffusion kinetics within the electrodes. 

Building on this, HILLE ET AL. (2022a) suggested that coordinating primary porosity after cal-

endering with additional directional pores can mitigate the conflicting demands of high energy 

and power densities. Further research examined the structuring of both electrodes. HILLE ET 

AL. (2021) used EIS to derive ionic resistances and effective tortuosities of hole-patterned cath-

odes and anodes, ascertaining that laser modifications enhance the electrochemical performance 

of both electrode types. However, the effect was more pronounced for anodes due to their higher 

initial tortuosities. Thus, the authors suggested that for cost-sensitive industrial use cases, only 

structuring the anodes may be preferential, a conclusion later supported by DUNLAP ET 

AL. (2022). 

Several studies have explored laser-structured electrodes in fast-charging applications, focusing 

on anodes, given their critical role in LIB charging behavior (cf. Subsection 2.1.4). KIM ET 

AL. (2018) analyzed the coloration of electrode cross-sections to conclude on local SOCs, find-

ing that patterned anodes exhibited a more uniform charge distribution than standard ones. 

HABEDANK ET AL. (2019a) identified voltage plateaus during rest periods after low-temperature 

fast charging. They correlated the lower voltage relaxation in cells comprising laser-structured 

anodes with reduced lithium plating. At high charging current rates of 4C and 6C, CHEN ET 

AL. (2020) demonstrated improved capacity retention of multi-layer pouch cells with laser-

structured graphite anodes compared to reference cells. Post-mortem studies pinpointed the 

omission of lithium plating as a probable cause for the prolonged lifetime of LIBs comprising 

laser-structured anodes.  

Finally, some publications have explored the benefits of structured electrodes in specialized 

applications. WATANABE ET AL. (2019) showed enhanced direct-contact pre-lithiation 82 using 

through-holed electrodes. Moreover, ZHENG ET AL. (2017), MEYER ET AL. (2021), and ZHENG 

ET AL. (2022) proposed the introduction of grid and line patterns in silicon–graphite anodes to 

decrease cell degradation by alleviating mechanical stress stemming from particle volume ex-

pansion (cf. Subsection 2.1.4). 

The empirical insights concerning electrode laser structuring were further supported by elec-

trochemical modeling. NEMANI ET AL. (2015) developed a two-dimensional model indicating 

that channels perpendicular to the electrode surface enhance the C-rate-capability of LIBs, par-

ticularly for fine structures tapering toward the separator. HABEDANK ET AL. (2018b) and CHEN 

ET AL. (2020) employed three-dimensional models to simulate lithium-ion concentration pro-

files, linking current-dependent capacity improvements in LIBs with perforated electrodes to 

 
82 Pre-lithiation methods aim to compensate for lithium losses during SEI formation or over a battery’s lifetime by implement-

ing an additional lithium source during cell production (HOLTSTIEGE ET AL. 2018).  
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lower through-plane concentration gradients in the LE. To boost the computational efficiency 

compared to three-dimensional models, KRAFT ET AL. (2020) implemented a pseudo-two-di-

mensional Newman model (DOYLE ET AL. 1993; FULLER ET AL. 1994). They identified electrode 

tortuosity as a key factor in reducing overpotentials, with numerically obtained discharge ca-

pacities aligning well with experimental outcomes. Besides that, the ability of laser-structured 

anodes to maintain their electrochemical potential above the lithium plating threshold was re-

vealed. LAURI ET AL. (2021) established a microstructure-resolved model to investigate pattern-

ing effects on the capacity, temperature evolution, and degradation of batteries. The authors 

emphasized the decreased risk of lithium plating for perforated electrodes in fast-charging ap-

plications.  

USSEGLIO-VIRETTA ET AL. (2020) conducted an analytical investigation on the design of SPNs, 

finding that a marginal addition of directed pores to the inherent pore structure of standard 

electrodes enhances electrochemical performance. These results were supported by a two-di-

mensional physics-based model, which indicated that coarser secondary pores are more suitable 

for fast-charging applications (MAI ET AL. 2020). Later, GOEL ET AL. (2023) confirmed the ben-

efits of structured electrodes for high-current operation via continuum-scale modeling. They 

revealed that small inter-channel spacings improve fast charging up to a certain threshold be-

yond which lithium-ion diffusion is no longer a limiting factor for LIB performance. 

3.2.2 Lithium metal anode modification 

This subsection outlines the critical role of LMA surface characteristics in determining their 

electrochemical behavior. It explores various techniques discussed in the literature for modify-

ing the chemistry and topography of lithium substrates. Additionally, it reviews existing studies 

on the laser-based surface modification of related materials, laying the groundwork for trans-

ferring these processes to LMAs. 

Underlying concept 

The chemical and morphological state of LMAs is critical to the electrochemical performance 

of LMBs. Depending on their manufacturing (cf. Subsection 2.1.6), commercial lithium foils 

contain micro-scale surface defects and metallurgical non-uniformities, such as pits, inclusions, 

grain boundaries, and slip lines (see Figure 3.5, a) (GIREAUD ET AL. 2006). Research by 

AURBACH & GOFER (1989), later corroborated by GIREAUD ET AL. (2006), asserted that lithium 

dendrite growth tends to initiate at sites of stress or micro-cracks. Thus, minimizing surface 

roughness and surface defects on LMAs is essential for homogenizing the current density dis-

tribution and decreasing dendrite formation (GIREAUD ET AL. 2006).  

Due to lithium’s high reactivity (JEPPSON ET AL. 1978), foil substrates usually develop bi-lay-

ered inorganic passivation films with thicknesses of a few tens to hundreds of nanometers. The 

inner layer primarily consists of lithium oxide (Li2O), while the outer layer comprises mainly 

Li2CO3 and LiOH (see Figure 3.5, b) (ETXEBARRIA ET AL. 2020; ISMAIL ET AL. 2001; SHIRAISHI 

ET AL. 1999). The environmental conditions encountered during the production, transportation, 

storage, and processing of LMAs influence the initial composition of this passivation layer 

(OTTO ET AL. 2021b), subsequently affecting surface reactions within the battery (KAMPHAUS 

ET AL. 2019; SHIRAISHI ET AL. 1999).  
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Figure 3.5:  (a) A scanning electron microscopy (SEM) image of the surface of a commercial lithium foil showing 

microscale defects is displayed. (b) The schematic illustrates the bi-layered chemical composition of 

a lithium passivation film, with layer thicknesses not shown to scale. The figure was adapted from 

OTTO ET AL. (2021a). 

In an operational battery, this passivation layer dictates the thermodynamics and kinetics of 

reduction reactions at the lithium–electrolyte interface (KAMPHAUS ET AL. 2019). Moreover, 

heterogeneous ionic conductivity across the surface film can promote lithium dendrite 

growth (CHO ET AL. 2022; HE ET AL. 2019). Therefore, controlling the surface morphology and 

chemistry of LMAs through interfacial engineering is regarded as essential for fabricating 

LMBs with consistent electrochemical performance (LIN ET AL. 2017; XIAO ET AL. 2023). How-

ever, a deficiency in reproducible methodologies for adjusting the surface conditions of LMAs 

has limited the understanding of their impact on battery performance. 

Modification of the anode–electrolyte interface  

In prototype battery manufacturing, surface contaminants are commonly eliminated mechani-

cally using hand tools, such as spatulas (SCHMITZ ET AL. 2012), scalpels (BRON ET AL. 2017), 

abrasive paper, adhesive tape (GIREAUD ET AL. 2006), or toothbrushes (LIANG ET AL. 2019). 

While these manual techniques work for robust lithium pellets (thicknesses ≥ 250 μm) as usu-

ally applied on a laboratory scale (CHEN ET AL. 2019), they are unsuitable for the industrial 

processing of thin, mechanically sensitive lithium foils. Only a few publications have addressed 

scalable processes for the targeted chemical and morphological surface alteration of lithium 

substrates, as presented below. 

BECKING ET AL. (2017) applied roll-to-roll calendering to reduce the surface roughness and to 

make the native surface film of a 500 μm thick lithium substrate thinner. A smoother surface 

with a reduced Li2CO3 concentration after roll-pressing was confirmed by atomic force micros-

copy (AFM), SEM, and X-ray photoelectron spectroscopy (XPS). Roll-pressed lithium foil re-

vealed lower interface resistances and decreased overpotentials in symmetric LE cells during 

initial electrochemical cycles compared to non-treated counterparts. Additionally, post-mortem 

SEM investigations demonstrated more homogeneous lithium depositions on calendered sub-

strates, accounting for fewer surface defects. WOLF ET AL. (2021) suggested abrasive blasting 

with glass beads for introducing three-dimensional structures into a lithium foil and for remov-

ing surface contaminants. This technique demonstrated the potential for diminishing overvolt-

ages and interface resistances in symmetric LE cells. Besides that, it was shown that sandblast-

ing could restore the surface of a lithium foil degraded by ambient air exposure. Both BECKING 

ET AL. (2017) and WOLF ET AL. (2021) emphasized that the high-purity lithium surface after 

cleaning provides a suitable basis for applying artificial passivation coatings to tune the 
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electrochemical stability and interface contact within LE and SE batteries (DELAPORTE ET 

AL. 2019; KIM ET AL. 2021; XU ET AL. 2019).  

In addition to chemical alterations, research has investigated the targeted adaption of the lithium 

surface morphology as a determinant for the plating–stripping behavior (WOOD ET AL. 2017). 

One research direction, particularly for liquid-electrolyte LMBs, concentrates on maximizing 

the active surface area to reduce the effective current densities, lowering the risk of lithium 

dendrite formation. Lithium powder electrodes, which provide higher surface areas than those 

made of standard lithium foils, have shown potential for improved CEs and reduced overpoten-

tials (HEINE ET AL. 2014; KIM ET AL. 2010). However, lithium’s reactivity raises concerns about 

safety and degradation when handled as a powder. Therefore, several techniques aim to enlarge 

the surface area of lithium substrates without using powder material.  

RYOU ET AL. (2015) proposed a micro-needle treatment with a mechanical roller to generate 

three-dimensional lithium surfaces with patterned hole arrays. The enlarged surface area en-

hanced the rate capability and cycling stability while reducing interfacial resistance in LE-based 

LMBs. Furthermore, the formation of high-surface-area lithium was suppressed by directing 

lithium deposition toward the created cavities. LI ET AL. (2018b) confirmed these results by 

improving the electrochemical performance of LMBs with hexagonally arranged hole arrays 

fabricated via mechanical pressing. AHN ET AL. (2019) further advanced this approach by intro-

ducing continuous and discontinuous surface reliefs on ultra-thin 20 μm lithium foils using soft 

lithography. The imprinted patterns boosted the cycling stability of both symmetric and full 

cells by promoting selective lithium deposition within the cavities. PARK ET AL. (2016) exam-

ined the current distribution across various three-dimensional morphologies of surface-pat-

terned LMAs using the Finite Element Method (FEM). The simulations showed that pyramid-

like indentations feature higher current densities at the relief tips, rendering them preferential 

for lithium deposition. Based on the modeling results, the authors used stainless-steel stamps to 

create textured patterns on 450 μm thick lithium pellets, which improved the electrochemical 

performance of symmetric LMBs. Moreover, post-mortem studies showed that the introduced 

textures were reversibly filled and emptied with lithium during plating and stripping. In a sub-

sequent study, PARK ET AL. (2018) designed structures optimized for preferential lithium depo-

sition based on their model, which prolonged the cycle lifetime of full cells with LE. 

In contrast to surface enlargement strategies, another approach focuses on eliminating superfi-

cial imperfections, such as cracks and stress lines, to mitigate the formation of high-surface-

area lithium (AURBACH & GOFER 1989; GIREAUD ET AL. 2006; STORELLI ET AL. 2021). Several 

techniques have been proposed to create flat and smooth lithium surfaces. BECKING ET 

AL. (2017) applied AFM to demonstrate that roll-pressing reduces surface roughness and elim-

inates defects. GIREAUD ET AL. (2006) achieved surface smoothing by mechanically treating 

lithium with silicon carbide paper in an acetone environment. Electrochemical polishing meth-

ods have further enabled the production of atomically flat lithium surfaces through sequential 

potentiostatic stripping and galvanostatic plating (GU ET AL. 2018; GU ET AL. 2019). Elec-

tropolished LMAs exhibited enhanced cycling stability over 500 cycles under high current den-

sities of 10 mA ∙ cm−2 (GU ET AL. 2018).  

In essence, the chemical and physical surface properties both impact the plating and stripping 

behavior of LMAs. However, scalable techniques to precisely establish the desired surface con-

ditions in thin lithium foils are still missing. Given that this dissertation introduces a novel laser-
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based surface treatment method for lithium foils, the following paragraph explores established 

laser treatment methods from related fields to provide foundational insights. 

Laser surface micro-processing 

The laser-based surface treatment covers a wide range of industrial applications, especially at 

the microscale, and is increasingly implemented in diverse fields. Laser micro-polishing, for 

instance, has been applied for creating antibacterial surfaces (GIORGI ET AL. 2016; 2017), en-

hancing the wettability of magnesium alloys for biomedical implants (DEMIR ET AL. 2014; FUR-

LAN ET AL. 2015), and refining the aesthetic finishing of stainless steel (TEMMLER ET AL. 2020). 

Similarly, laser micro-cleaning is used to remove paint (MADHUKAR ET AL. 2013; RODE ET 

AL. 2008), rust (WANG ET AL. 2003), oxides (SHI ET AL. 2019), biofouling (LU ET AL. 2021), and 

particles (MOSBACHER ET AL. 2000). 

In contrast to that, applications of laser surface micro-processing in battery production are rel-

atively few but show promising outcomes. BOLSINGER ET AL. (2020) and ENDERLE ET 

AL. (2020) suggested that nanosecond-pulsed laser ablation could selectively remove excessive 

binder residues and additives from dense LIB cathodes to expose surface pores. This treatment 

improved the cathodes’ electrochemical performance by facilitating LE access to the CAM par-

ticles. SANDHERR ET AL. (2022) extended this approach to graphite anodes and demonstrated an 

improved rate capability, amongst other benefits. Wetting tests by KLEEFOOT ET AL. (2022) 

confirmed that the decomposition of binder compounds on the surface of graphite anodes im-

proves LE uptake. PARK ET AL. (2021) similarly used short laser pulses to rework the dense 

surface of nanoparticle-based silicon anodes. Removing agglomerates present after drying in-

duced physicochemical changes in the surface region, including altered SEI formation, en-

hanced ionic diffusion, and mitigated bulk cracking, ultimately improving the anodes’ electro-

chemical behavior.  

KHOSLA ET AL. (2023b) counteracted Li2CO3 formation on nickel-rich cathodes caused by ex-

posure to ambient air using nanosecond-pulsed laser annealing. Moreover, laser treatment in-

troduced nanostructures that enhanced lithium-ion diffusion kinetics, improving the rate per-

formance and capacity retention of the cathodes. In a related study, KHOSLA ET AL. (2023a) 

adopted the same technique to remove disordered carbon and inactive PVDF binder from graph-

ite anodes while intentionally creating surface steps to facilitate lithium-ion diffusion. This na-

nosecond-pulsed laser treatment increased the accessible capacity and the cycle peformance of 

the anodes.  

Laser cleaning has also proven advantageous for ASSB components. CHEN ET AL. (2021b) used 

nanosecond laser pulses to remove insulating Li2CO3 from garnet-type SEs. Thus, the wetting 

behavior towards lithium was improved, and the lithium–garnet interfacial resistances were re-

duced. Removing the surface contaminants enhanced the cycling performance of symmetric 

cells and full cells with LMAs.  

3.2.3 Fabrication of scaffold-based electrodes  

As outlined in Subsection 2.1.6, infiltrating active materials into a ceramic SE scaffold stands 

out as a promising method for manufacturing ASSBs. The following discussion covers the fun-

damental aspects, manufacture, and electrochemical performance of scaffold-based electrodes, 

highlighting the potential of laser micro-structuring in their fabrication.  
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Underlying concept  

WACHSMAN ET AL. (2014) patented SE compounds featuring a porous region on one or both 

sides of a dense central layer, serving as platforms for infiltrating active materials. Scaffold-

based electrode designs address several production-related and electrochemical drawbacks in-

herent to conventional SE cell configurations, as outlined in the following.  

The fragility of free-standing ceramic SE membranes generally limits their minimum thickness. 

Adding porous layers provides mechanical support to SE separators and enables their thinning, 

which reduces their ionic resistance (cf. Equation 2.12) (WACHSMAN ET AL. 2014). Infiltrating 

pre-sintered porous ceramic SE layers with CAMs mitigates interfacial degradation by elimi-

nating the need for high-temperature co-sintering of the two components (cf. Subsection 2.1.6). 

Furthermore, the porous layers’ three-dimensional microstructures can be tailored based on the 

scaffold production technique. Thereby, methods that allow the creation of directional micro-

structures are particularly promising, as the tortuosity of ASSB composite cathodes exceeds 

that of LIB electrodes (cf. Subsection 2.1.5) (MINNMANN ET AL. 2021).  

On the anode side, transitioning from a planar to a three-dimensional interface increases the 

contact area between the LMA and the SE, reducing interfacial resistance (HITZ ET AL. 2019; 

YANG ET AL. 2018b). Embedding the LMA within the SE scaffold also buffers volume changes 

during lithium plating and stripping (HITZ ET AL. 2019).  

SE scaffolds can be classified according to their pore structure into those with directed and 

those with unoriented pore structures, as schematically shown for bi-layer configurations in 

Figure 3.6. While scaffolds with an unoriented pore structure are prevalent in the literature, 

their tortuous microstructure, isolated volumes, and closed surface pores constrain the pore-

filling degree and complicate infiltration processes. As an alternative, directed microstructures 

have been proposed, offering not only improved manufacturability but also electrochemical 

advantages. A patent by SAUTER ET AL. (2016) suggests that directed pores facilitate charge 

carrier transport into the active material, drawing parallels with structured electrode concepts 

developed for LIBs (cf. Subsection 3.2.1).  

Figure 3.6:  Solid electrolyte (SE) bi-layers comprising a dense separator layer and porous scaffold with (a) unor-

iented and (b) directed pore structures are schematically displayed. The scaffolds serve as substrates 

for infiltrating active materials in the fabrication of oxide-ceramic all-solid-state battery (ASSB) elec-

trodes. The subfigures (a) and (b) were adapted from HITZ ET AL. (2019) and XU ET AL. (2021), re-

spectively.  
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Multiple simulation works have underlined the anticipated benefits of controlled composite 

cathode microstructures. Geometric modeling by SHEN ET AL. (2019) showed that CAM depo-

sition in cylindrical pores perpendicular to the layer surface could shorten the equivalent lith-

ium-ion diffusion pathway through the SE. Although this model assumes full channel infiltra-

tion, the authors stressed that additional factors, such as the SE–CAM contact area and the 

relation between channel size and CAM particle diameters, also determine the electrochemical 

performance. In another study, DIXIT ET AL. (2019) showcased tortuosity reduction through an 

aligned microstructure based on Computational Fluid Dynamics (CFD) modeling. Similarly, 

BIELEFELD ET AL. (2022) conducted electrochemical simulations using the FEM to illustrate the 

effects of an optimized microstructure, finding advantages for smaller structure dimensions. 

Most recently, CLAUSNITZER ET AL. (2024) employed three-dimensional continuum simulations 

to show that SE-filled channels can enhance the energy density of ASSBs.  

While the densities of ceramic SEs exceed those of LEs (cf. Subsection 2.1.3), ASSBs with 

thick scaffold-based electrodes and thin separator layers can theoretically surpass the specific 

energies and energy densities of LIBs. Although laboratory prototypes have yet to meet these 

energy targets, calculations by ZHANG ET AL. (2023a) and KRAVCHYK ET AL. (2021) suggest 

that ASSBs with scaffold-based anodes and cathodes hold significant potential. A meticulous 

design of the cell parameters is required to achieve high energy and power densities, as 

KRAVCHYK ET AL. (2022) highlighted by simulating ASSBs with scaffold-based cathodes.  

Fabrication of scaffold-based electrodes  

This paragraph reviews techniques for producing ceramic SE scaffolds, joining them with ad-

jacent battery components, and infiltrating them with active materials. Scaffold manufacturing 

methods can be categorized by the resulting microstructure, distinguishing between unoriented 

or directed pore generation 83. The microstructural properties of the produced layers, such as 

pore size, geometry, orientation, arrangement, and interconnection, vary depending on the pro-

duction method and influence the electrode porosity and tortuosity.  

One class of manufacturing techniques generates non-directed, arbitrarily arranged pores. The 

prevalent approach relies on the pyrolysis of pore-forming agents like starch (VAN DEN BROEK 

ET AL. 2016), polymethyl methacrylate (PMMA) spheres (FU ET AL. 2017; HITZ ET AL. 2019; 

LIU ET AL. 2018; SHEN ET AL. 2022; ZHANG ET AL. 2023a), or graphite powder (REN ET 

AL. 2017). These additives are blended into slurries with SE precursors, which subsequently are 

drop- or tape-cast. During sintering, the pore formers burn out, leaving behind scaffolds with 

porosities of up to 70 % (KIM & RUPP 2020). A limitation of this method is that fine pores may 

close during conventional sintering, setting a lower limit on the achievable pore sizes. Thus, 

ZHANG ET AL. (2024) combined small acrylic pore formers with ultrafast sintering 84 to generate 

narrow pores with average diameters of 2.3 μm. In an alternative method, GONG ET AL. (2018) 

and LI ET AL. (2019) impregnated organic templates in SE precursors, yielding SE matrices with 

a microstructure mirroring the sacrificial template after its pyrolysis. In an intermediate-stage 

sintering approach, OKUR ET AL. (2023) fabricated LLZO membranes with 40 % porosity 

through the targeted interruption of the thermal process before completed densification. More-

over, deep protonation of pre-sintered layers in de-ionized water, followed by thermal 

 
83 A table summarizing the main design characteristics of unoriented and directed SE scaffolds according to the fabrication 

method can be found in the supplementary data of publication P9 (cf. Subsection 5.2.7) (KRIEGLER ET AL. 2024a). 
84 The ultrafast sintering technique employs high heating and cooling rates of up to 50 K per second to preserve the pores 

obtained by small pore formers, also reducing the sintering time to 20 seconds (ZHANG ET AL. 2024).  
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deprotonation, was employed to create porous surface layers with thicknesses of several tens of 

micrometers (GRISSA ET AL. 2022).  

The second category comprises methods for creating directed pores oriented perpendicular to 

the layer surface. Early attempts concentrated on manufacturing three-dimensionally-arranged 

microporous structures through colloidal crystal templating 85 (DOKKO ET AL. 2005; HARA ET 

AL. 2009; KOTOBUKI ET AL. 2011; NAKANO ET AL. 2008). SHOJI ET AL. (2016) proposed the fab-

rication of hole-patterned SE layers with structure dimensions of several hundred micrometers 

by mechanical embossing of SE powder before sintering. MCOWEN ET AL. (2018) selectively 

deposited SE ink onto tape substrates using 3D printing to create micrometer-scale features, 

such as lines, grids, or columns. Freeze tape casting 86 enables the production of low-tortuosity 

scaffolds with porosities over 70 % and unidirectional, open pore structures (SHEN ET AL. 2019; 

SHEN ET AL. 2020; YI ET AL. 2020). Other works demonstrated the growth of vertical finger-

like microchannels by phase inversion 87 (JI ET AL. 2022; JIANG ET AL. 2018; SHEN ET AL. 2022). 

Finally, laser radiation was suggested for subtractive ablation of three-dimensional microstruc-

tures in SE layers. XU ET AL. (2021) introduced patterns spanning over a few hundred microm-

eters in LLZO pellets using nanosecond laser pulses at a UV wavelength. Similarly, YAN ET 

AL. (2022) employed a femtosecond laser beam source operating at an IR wavelength to gener-

ate variable-spaced grid textures in LAGP pellets.  

For battery manufacturing, SE scaffolds must be integrated with dense separator membranes to 

form either porous–dense bi-layers (ZHANG ET AL. 2023a) or porous–dense–porous tri-layers 

(ALEXANDER ET AL. 2023). In tri-layer designs, both electrode active materials are embedded 

within the porous structures, whereas bi-layers combine a planar and a three-dimensional elec-

trode. Multi-layer arrangements can be fabricated by heat-pressing miscellaneous green sheets 

(HITZ ET AL. 2019) or through sequential tape casting of individual coatings on top of each 

other, followed by sintering (ZHANG ET AL. 2023a). However, inhomogeneous shrinkage of the 

stacked membranes during sintering can entail corrugation that deteriorates the layer contact. 

This issue is more pronounced in bi-layers due to their asymmetric geometry, while tri-layers 

exhibit reduced distortion due to structural symmetry (YI ET AL. 2020; ZHANG ET AL. 2023a).  

Some techniques, such as laser ablation (XU ET AL. 2021) or thermal protonation (GRISSA ET 

AL. 2022), avoid layer distortion by circumventing the mutual sintering of laminates. Connect-

ing the porous and dense layers increases the mechanical strength of the layer compounds. HITZ 

ET AL. (2019) demonstrated the increased breaking force of tri-layer structures compared to 

freestanding dense SE membranes. Levaraging these findings, multi-layer compounds with sep-

arator membranes as thin as 10 μm have been fabricated (ZHANG ET AL. 2023a). Such low-

thickness SE separators boost the specific energy and volumetric energy density and shorten 

the lithium-ion diffusion pathways. Although most of the described techniques have been 

demonstrated only for small-scale samples, HITZ ET AL. (2019) successfully manufactured unor-

iented LLZO porous–dense–porous tri-layers with areas of up to 30 cm2.  

 
85 Colloidal crystal templating is a method for fabricating porous materials. Colloidal particles are arranged into a closely 

packed crystalline structure, and the interstitial voids are filled with a fluid precursor. Once the template is removed, an inverse 

replica of the structure remains. (STEIN & SCHRODEN 2001) 
86 Fabricating scaffolds with a unidirectional pore structure by freeze tape casting relies on the controlled growth and sublima-

tion of crystals through cooling an SE slurry with dedicated solvents, such as tert-butyl alcohol (SHEN ET AL. 2019). 
87 The phase-inversion process involves creating a ceramic slurry using a solvent. The slurry is then cast and exposed to a non-

solvent, miscible with the solvent but not the polymer binder, to induce phase separation, forming finger-like microchannels. 

After drying and removing organic components, sintering produces a ceramic with controlled porosity. (SHEN ET AL. 2022)  
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In the final process step, the electrode active materials must be integrated into the porous scaf-

folds to establish intimate contact with the SE matrix. Three-dimensional LMAs are typically 

produced by saturating SE scaffolds with molten lithium (MCOWEN ET AL. 2018). Alternatively, 

cold isostatic pressing (ZHANG ET AL. 2024) or hot pressing (XU ET AL. 2021) can introduce 

lithium into the porous SE layers. Besides that, lithium can be electrochemically plated from a 

counter electrode into the ceramic host (YANG ET AL. 2018b). The wetting behavior of the SE 

scaffold with lithium can be enhanced by changing the surface energy through the superimpo-

sition of functional interlayers. For example, coatings of aluminum oxide (Al2O3) (HAN ET 

AL. 2017) and zinc oxide (ZnO) (XU ET AL. 2018) have been deposited via atomic layer depo-

sition (ALD) 88 to improve the wettability of garnet scaffolds. Contrarily, scaffold-based com-

posite cathodes are fabricated either by wet-chemical infiltration of CAM precursors, followed 

by low-temperature annealing (KIM & RUPP 2020), or by filling the scaffold pores with pre-

synthesized CAM particles (ZHANG ET AL. 2020a).  

Electrochemical characteristics of scaffold-based anodes 

Research on scaffold-based anodes primarily aims at raising the CCDs by expanding the lith-

ium–electrolyte interface area. Building upon foundational patents (WACHSMAN ET AL. 2014; 

WACHSMAN ET AL. 2020), several studies from the University of Maryland have concentrated 

on the reversible plating and stripping of lithium within garnet-based matrices. LIU ET 

AL. (2018a) achieved stable cycling of a lithium-infused LLZO bi-layer and validated its func-

tionality in a full cell with a planar NMC cathode enriched with gel electrolyte and LE additives. 

XU ET AL. (2018) further advanced this approach by developing an MCI within the LLZO scaf-

fold pores through carbon nanotube coatings, achieving CCDs of 3 mA ∙ cm−2. YANG ET 

AL. (2018b) and MCOWEN ET AL. (2018) fabricated LLZO tri-layer scaffolds, which were infil-

trated with molten lithium. Both studies showcased the dendrite-free lithium plating and strip-

ping within the ion-conducting host. Both publications reported improved current densities and 

cyclable areal capacities over previous benchmarks. HITZ ET AL. (2019) achieved low ASRs of 

2 − 10 Ω ∙ cm−2 and CCDs up to 10 mA ∙ cm−2 by maximizing the lithium–electrolyte inter-

face area forty-fold using a three-dimensional SE scaffold instead of a planar separator. ALEX-

ANDER ET AL. (2023) even surpassed these results with an MCI garnet scaffold, achieving a 

CCD of 100 mA ∙ cm−2 and sustained cycling at a current density of 60 mA ∙ cm−2 without the 

need for excessive cell pressure. They further demonstrated the long-term operation of a tri-

layer scaffold in a hybrid full cell with an NMC622 cathode over 500 cycles.  

The findings by the Wachsman group have been replicated by other independent researchers. 

ZHANG ET AL. (2023a) and ZHANG ET AL. (2023b) tested lithium-filled LLZO tri-layer mem-

branes, reaching CCDs of 6 mA ∙ cm−2 and 1.7 mA ∙ cm−2, respectively. Both works validated 

the scaffold-based anode concept in LE hybrid full cells with planar LFP cathodes. Symmetric 

cells with laser-patterned LLZO separators manufactured by XU ET AL. (2021) enabled stable 

cycling over 500 hours at a current density of 0.5 mA ∙ cm−2 and a low stack pressure of 1 MPa. 

Furthermore, the authors provided evidence of void-free interfaces after lithium plating and 

stripping, along with increased CCDs attributed to the magnified active surface area. Electro-

chemo-mechanical modeling corroborated the results, indicating that coarser scaffold structures 

favor higher CCDs. Similarly, YAN ET AL. (2022) attributed reduced interfacial resistances in 

 
88 Atomic layer deposition is a vapor-based method for thin-film production (JOHNSON ET AL. 2014), which shows promise for 

producing ceramic ASSBs (BALAISH ET AL. 2021). 



66 3  State of the Art 

 

symmetric hybrid cells to the usage of laser-structured LAGP separators instead of planar ones. 

GRISSA ET AL. (2022) and OKUR ET AL. (2023) verified higher cycle stability of symmetric cells 

with porous LLZO layers over those with planar LMA–LLZO interfaces. Finally, ZHANG ET 

AL. (2024) illustrated through phase-field simulations that smaller scaffold pores improve the 

cycle stability.  

In summary, scaffold-based LMAs offer higher CCDs and cyclable capacities than alternative 

concepts, surpassing current fast-charging benchmarks (ALBERTUS ET AL. 2018). 

Electrochemical characteristics of scaffold-based cathodes 

While scaffold-based anodes were shown to enable outstanding CCDs during lithium plating 

and stripping, high interfacial resistances at the cathode–electrolyte interface continue to be an 

issue, necessitating innovative design and fabrication strategies. This paragraph discusses the 

electrochemical performance of scaffold-based composite cathodes across various cell chemis-

tries and designs 89. While ceramic scaffolds have also been used for conversion-type CAMs 

like sulfur (FU ET AL. 2017; HITZ ET AL. 2019; XU ET AL. 2018), this discussion will focus on 

intercalation-type CAMs relevant to this thesis (MANTHIRAM ET AL. 2013).  

In initial work, NAKANO ET AL. (2008) impregnated a three-dimensionally-ordered porous 

LATP layer with LiMn2O4 (LMO), while HARA ET AL. (2009) extended this method to LLTO 

scaffolds, achieving up to 80 % pore occupation through multiple infiltration steps. KOTOBUKI 

ET AL. (2011) created a dense LLTO honeycomb structure containing porous regions for LMO 

precursor infiltration. All three studies showcased the basic operability of full cells with planar 

LMAs. In another study, KOTOBUKI ET AL. (2010) demonstrated the functionality of an LLTO 

matrix with a honeycomb-like structure containing an LCO cathode and a Li4Mn5O12 anode, 

successfully completing three charge–discharge cycles. Infiltrating with CAM precursors in-

stead of particles has shown to improve the electrochemical performance by enhancing the 

CAM–SE interface.  

In later studies, SHOJI ET AL. (2016) filled arrays of holes in an LLZO layer with LCO particles, 

while REN ET AL. (2017) and KIM & RUPP (2020) impregnated LCO precursors into LLZO bi-

layers, all confirming the basic functionality of the obtained composite cathodes. KIM & 

RUPP (2020) further reported reduced interfacial resistances in scaffold-based cathodes com-

pared to co-sintered composites and highlighted the advantages of LCO precursors over LFP 

particle slurries. JI ET AL. (2022) manufactured composite cathodes and anodes by repeatedly 

infiltrating LLTO tri-layers with LCO and LTO precursors, achieving C-rates of up to 3C and 

stable operation over 500 cycles in full cell tests. 

In several studies, LEs or PEs were added to fill remaining voids, diminish electrode tortuosity 

(HLUSHKOU ET AL. 2018), and ameliorate the interfacial contact between the CAM and ceramic 

SE (IHRIG ET AL. 2021b; IHRIG ET AL. 2022a; ZHANG ET AL. 2020a). SHEN ET AL. (2019) inserted 

NMC622 particles in freeze-cast LLZO bi-layers, achieving decent specific capacities and cycle 

stability in hybrid cells using LE. JIANG ET AL. (2018) incorporated PEO as a filler material in 

lithium–LLTO–LFP full cells with vertically aligned microchannels. The authors attributed the 

high specific capacity of 125 mAh ∙ g−1 after 50 cycles with a capacity retention of 98 % to the 

expanded interfacial area from the scaffold and enhanced CAM–SE contact via the PE.  

 
89 A tabulated summary of quantitative data from the literature, including mass loadings, discharge capacities, and applied 

current densities, was provided in P8 (cf. Subsection 5.2.6) (KRIEGLER ET AL. 2023b). 
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ZHANG ET AL. (2020a) infiltrated LAGP bi-layers with NMC811 particles and improved the 

interfacial adhesion using polymer SE. Their ASSBs with cathode loadings of up to 19 mg ∙

cm−2 and LMAs exhibited improved electrochemical performance over planar configurations. 

In a related attempt, YI ET AL. (2020) reached over 80 % pore occupancy by infiltrating 

NMC622 particles into an LLZO framework with unidirectional pores. Discharge capacities 

comparable to LE cells were achieved by adding a flexible polymer SE, mediating the interface 

between the CAM particles and the garnet SE. GRISSA ET AL. (2022) assembled lithium–LLZO–

LFP full cells with PE additives in the cathode, finding that tri-layer configurations significantly 

enhanced rate capability compared to planar setups.  

Overall, the fabrication of ceramic composite cathodes using the scaffolding approach presents 

a broader range of objectives and remains less explored compared to the production of scaffold-

based LMAs. However, initial studies have demonstrated promising potential, particularly 

when a high degree of pore filling is achieved and PE is incorporated as an ionic conductive 

additive to enhance the interfacial contact. 

3.3 Research gaps  

Building on the critical review of laser radiation applications for cutting and interfacial modi-

fication of battery components in Sections 3.1 and 3.2, this section is dedicated to deriving 

existing research gaps.  

In recent years, laser cutting has gained prominence as an alternative to traditional mechanical 

methods in LIB production. Scientific literature encompasses experimental and simulation stud-

ies on electrode cutting over an ample parameter space. In contrast, research on separating 

ASSB components remains relatively limited. The production-related publications by SCHNELL 

ET AL. (2018) and DUFFNER ET AL. (2021b) have underscored the challenges of mechanically 

separating LMAs and ceramic SE layers due to their material properties. Although laser cutting 

has been proposed as an alternative, there is no experimental evidence to support its feasibility 

for industrial production. Thus, insights from laser process design on related materials must be 

adapted and combined with an understanding of the quality-relevant properties of battery com-

ponents.  

Laser micro-machining for the interfacial modification of battery components has been exten-

sively studied, with experimental and simulation-based studies dedicated to enhancing LIB per-

formance by integrating laser-structured electrodes. Moreover, attention has been directed to-

wards process design and scaling to facilitate the incorporation of laser structuring into indus-

trial practice. Yet, it remains unclear whether cell manufacturers have adopted this technique. 

The surface properties of the individual layers play a crucial role in determining ASSB perfor-

mance, given the limited solid–solid contact and persistent chemical instabilities (cf. Subsec-

tion 2.1.5). Various researchers have explored laboratory-scale methods for altering the inter-

facial conditions of ASSB components. For instance, manually scraping contamination layers 

from LMAs is common practice in prototype production, but industrial settings demand au-

tomatable and efficient methods that yield reproducible results. Furthermore, enlarging the sur-

face area of ceramic SEs to improve the interfacial contact with active materials has shown the 

potential to tune the electrochemical capability of ASSBs. Several techniques have been pro-

posed to create SE scaffolds for active material infiltration, but most of them result in unoriented 

pore structures, which hinder active material infiltration and raise electrode tortuosity.  
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Based on the outlined state of the art, six distinct research gaps (RGs) can be identified:  

RG1 Laser cutting of lithium-ion battery electrodes (cf. Subsection 3.1.1) 

Researchers have explored both pulsed and CW laser sources for separating LIB electrodes, 

facilitating the transition of laser cutting into industrial applications. However, selecting suita-

ble process parameters and strategies proves challenging due to the wide range of available 

options. Moreover, variations in electrode compositions, thicknesses, and porosities make it 

challenging to compare results across different studies. Finally, establishing standardized meas-

urement techniques and quality criteria is essential for effectively categorizing the reported 

data. 

RG2 Laser cutting of lithium substrates (cf. Subsection 3.1.2) 

Although laser cutting is considered a promising method for separating lithium substrates, ex-

perimental validation has been limited to a single study by JANSEN ET AL. (2018). This scarcity 

may partly be due to the lack of system technology capable of material processing under con-

trolled atmospheric conditions. Consequently, there is no comprehensive understanding of the 

relationship between the process parameters, key process phenomena, and resulting cut-edge 

quality. Additionally, uncertainties persist regarding whether adequate cutting speeds for in-

dustrial production can be achieved. The absence of standardized criteria and methods for a 

quantitative quality evaluation further exacerbates the knowledge gap in this field. 

RG3 Laser cutting of ceramic solid electrolyte layers (cf. Subsection 3.1.3) 

While BADDING ET AL. (2019) addressed laser ablation of ceramic SEs in a patent, the topic 

remains unexplored in scientific publications. The impact of the process parameters on material 

removal rates and the cut-edge quality of ceramic SE layers remains unknown, whereas their 

dielectric properties likely complicate their efficient, defect-free processing. Electrochemical 

studies suggest that surface defects negatively affect ASSB functionality, highlighting the need 

to understand how laser ablation influences the substrate characteristics. Furthermore, process 

scalability to industrial throughput levels is uncertain, as obtaining the desired component prop-

erties may require a sequential ablation process with incremental material removal per scan 

cycle. 

RG4 Laser structuring of lithium-ion battery electrodes (cf. Subsection 3.1.1) 

Although electrode laser structuring is known to enhance LIB performance, it has yet to be 

adopted in commercial production. So far, laser-structured electrodes have primarily been em-

ployed in manually assembled, small-scale laboratory cells with milliampere-hour capacities. 

Therefore, demonstrating the manufacturability of industry-relevant, multi-layer configurations 

with laser-structured electrodes using automated processes is essential to prove the scalability 

from both product and production perspectives. Furthermore, the reported performance im-

provements have been confined to specific cell properties tested within narrow operating 

ranges. Thus, comprehensive cell testing across broader use cases, such as low-temperature 

operation, fast charging, and cyclic aging, is needed to validate the efficacy of structured elec-

trodes.  

RG5 Laser surface treatment of lithium metal anodes (cf. Subsection 3.2.2) 

The morphological and chemical surface conditions of LMAs determine their electrochemical 

functionality but are difficult to control due to the material’s sensitivity and reactivity. 
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Intentional surface modification of LMAs can enhance LMB performance and mitigate degra-

dation phenomena. While mechanical removal of contamination films is standard in manually 

producing LMB prototypes, scalable methods for industrial-scale throughputs remain largely 

unexplored (BECKING ET AL. 2017; WOLF ET AL. 2021). Laser radiation is widely used for sur-

face cleaning and polishing across various industries, yet its application for LMA treatment has 

not been scientifically documented.  

RG6 Fabrication of scaffold-based electrodes using laser ablation (cf. Subsection 3.2.3) 

Infiltrating porous SE membranes with active materials holds promise for producing ASSB 

electrodes. Directed channels within these scaffolds facilitate pore filling and reduce electrode 

tortuosity compared to random pore structures. While the CCDs for LMAs have been aug-

mented by enlarging the surface area through three-dimensional SE hosts, the manufacturing 

and testing of scaffold-based composite cathodes have received less attention. Although laser 

structuring has proven effective in improving the SE–LMA contact (XU ET AL. 2021; YAN ET 

AL. 2022), it has not yet been applied to cathode manufacturing, leaving its technical feasibility 

uncertain compared to alternative scaffold fabrication methods.  

The shortcomings identified in the scientific literature present opportunities to apply laser pro-

cesses in LIB and ASSB manufacturing. Based on the explicated state of the art, the subsequent 

chapter outlines the adopted research approach and defines a set of distinct ROs.
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4 Research Approach 

This chapter presents the scientific approach which was pursued to address the overarching 

RQs outlined in Section 1.2. In response to the gaps identified in the literature (cf. Section 3.3), 

a global thesis objective (GTO) is articulated, and specific ROs are postulated in Section 4.1. 

Section 4.2 then details how the nine scientific publications comprising the research findings 

in Chapter 5 correlate with these ROs.  

4.1 Research objectives 

Despite extensive research in electrochemistry and materials science, ceramic ASSBs have yet 

to achieve widespread commercial availability. Scaling novel battery technologies from the la-

boratory to industrial production requires fundamental changes to the process chain, fabrication 

methods, and equipment currently employed in LIB fabrication. While laser micro-processing 

is already utilized in LIB production lines, the unique materials and designs of ASSBs require 

adaptions of these laser-based processes. Consequently, the GTO is defined as follows:  

GTO  Identifying the potential of laser micro-processing techniques to produce and function-

ally enhance ceramic all-solid-state batteries featuring a lithium metal anode  

Five ROs are derived from the GTO to close the existing RGs (cf. Section 3.3): 

RO1 Assessment of laser micro-processing techniques in lithium-ion battery production 

The initial RO1 focuses on advancing laser micro-processing for LIB manufacturing, establish-

ing a basis for innovations in ASSB production. This involves identifying critical process de-

terminants and product parameters for the laser-based separation and interfacial modification 

of electrodes. Alternative process designs and strategies for electrode laser cutting must be ex-

plored using suitable quality and efficiency metrics. Furthermore, RO1 involves demonstrating 

laser structuring as an effective technique for interfacial modification of LIB electrodes in com-

mercial production contexts. Increasing the technological maturity of electrode laser structuring 

entails verifying its suitability for industry-relevant cell formats in a pilot production setting as 

well as comprehensive electrochemical investigations. These efforts collectively intend to ena-

ble the transfer and adaptation of established LIB manufacturing techniques to the requirements 

of ASSB production, advancing scientific understanding and the industrial adoption of laser 

micro-processing techniques. 

RO2  Quality-controlled laser cutting of lithium substrates 

Scenarios for employing lithium in battery production must be identified to establish boundary 

conditions for the laser processing of lithium. Subsequently, pulsed laser radiation is to be qual-

ified as a tool for separating lithium substrates through experimental studies. Given the mate-

rial’s sensitivity to atmospheric conditions, it is critical to implement controlled production en-

vironments to ensure safe and degradation-free processing. The fundamental process phenom-

ena have to be understood to determine feasible process windows. Additionally, to facilitate 
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process design and quality control, a reproducible and automated method for evaluating the cut-

edge properties of LMAs must be developed to enable the quantification of pertinent quality 

and productivity metrics. 

RO3  Laser-based surface reconditioning of lithium metal anodes  

The critical role of the surface properties of LMAs calls for developing surface reconditioning 

techniques compatible with roll-to-roll processing. Therefore, laser radiation should be evalu-

ated with respect to its potential to modify the microstructure and composition of LMAs. As in 

RO2, material degradation must be prevented through special protective atmospheres. Laser 

parameters that achieve precise alterations to the surface layer must be identified to establish 

effective process strategies. Moreover, the relationships between the laser parameters and re-

sulting surface characteristics should be clarified. The effectiveness of laser treatment in re-

moving degradation products must be validated through electrochemical testing to prove its 

utility for battery applications. Ultimately, evaluating the scalability of this technique and con-

textualizing it with existing methods is crucial to ensure its feasibility for industrial implemen-

tation.  

RO4  Efficient laser ablation of ceramic solid electrolytes 

Closing the RG in the laser machining of ceramic SEs requires a clear understanding of key 

cause–effect relationships from empirical studies. To this end, the scalability of ceramic laser 

processing must be thoroughly evaluated to meet the requirements of industrial production. An 

approach for identifying optimum pulse fluences should be implemented to facilitate high ma-

terial removal rates. This theoretic framework can then be leveraged to explore process scaling 

strategies, including the application of short wavelengths, high pulse repetition rates, and pulse 

bursts. Concurrently, the quality of the machined surfaces must be evaluated and correlated 

with the applied process parameters. Finally, production scenarios for ablating ceramic SE lay-

ers must be defined to calculate potential material throughputs and discuss scaling challenges. 

RO5  Manufacturing of scaffold-based composite cathodes  

The laser-based manufacturing of scaffold-based composite cathodes with a three-dimensional 

microstructure requires a demonstration of its technical feasibility. Process qualification entails 

selecting appropriate process parameters to create directed micropores with defined geometries 

in SE substrates. Besides that, infiltrating these structures with cathode slurries necessitates 

assessment. Electrochemical testing of the composite cathodes within suitable ASSB configu-

rations is indispensable to prove the approach’s usefulness for enhancing battery performance. 

It is also important to evaluate the industrial relevance of laser structuring by comparing it with 

alternative scaffold fabrication techniques from a production perspective. Eventually, linking 

the cathode design to the energy content at both the electrode and the cell level will permit the 

development of guidelines for integrating the developed method into practical applications. 

The five ROs are centered around two pivotal fields identified as critical in the RC phase. RO1 

was addressed by analyzing the initial situation as part of the initial PS phase, pinpointing laser-

based component separation and surface modification as central fields of action. Building on 

this foundation, the ROs 2 – 5 were tackled during the subsequent main part of the PS, focusing 

on concrete challenges related to the design and manufacturing of ASSBs. Figure 4.1 provides 

a graphical representation that schematically assigns the ROs to the relevant ASSB components.  
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Figure 4.1:  Following research objective (RO) 1 on laser micro-processing within lithium-ion battery (LIB) fab-

rication, the remaining ROs 2 – 5 are depicted at the hand of a ceramic all-solid-state battery (ASSB) 

elementary cell. ROs 2 and 4 are assigned to the laser-based component separation (Field of action I), 

while ROs 3 and 5 are related to the laser-based surface modification (Field of action II). 

4.2 Integration of the publications  

To achieve the ROs formulated in the preceding section, nine scientific publications (P1 – P9) 

were issued. All contributions fall within the production engineering domain and include inter-

disciplinary aspects overarching mechanical and electrical engineering, electrochemistry, and 

materials science. Figure 4.2 provides an overview of the research approach, assigning the pub-

lications to the ROs and correlating the main applied scientific methods with each publication. 

Most research efforts concentrated on experimental laser studies (process-focused) or electro-

chemical investigations (product-focused), supplemented by literature reviews, modeling, pro-

totyping, and technological assessments (cf. Section 1.3). The process-focused investigations 

in P1, P3, P4, P6, and P7 primarily advanced the knowledge of laser materials processing while 

considering product-related requirements. P2, P5, P8, and P9 specifically targeted manufactur-

ing functionally improved batteries, emphasizing product-related aspects. The context and con-

tributions of the individual publications to the ROs are detailed below. 

Contribution of publications P1 and P2 to RO1 

RO1 was addressed by two publications that focused on LIBs, specifically examining laser 

micro-processing of graphite anodes as a case study. In P1, feasible process alternatives for 

electrode laser cutting were experimentally investigated. P2 documented the production and 

testing of industry-relevant LIB prototypes with laser-structured anodes. A comprehensive 

evaluation of electrochemical performance criteria, such as rate capability and cyclic aging, 

provided a deeper assessment of the potential of laser structuring compared to previous studies 

that used laboratory cell types. Both publications offered technological benchmarks for laser 

micro-processing in ASSB production. 

Research objective 1

Assessment of laser micro-

processing techniques in 

lithium-ion battery production

Field of action I 

Laser-based

component separation

Field of action II 

Laser-based

surface modification

Research objective 4 

Efficient laser ablation 

of ceramic solid 

electrolytes

Research objective 2 

Quality-controlled laser

cutting of lithium

substrates

Research objective 5 

Manufacturing of 

scaffold-based 

composite cathodes

Research objective 3 

Laser-based surface 

reconditioning of 

lithium metal anodes
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Contribution of publications P3 and P4 to RO2 

Theoretical considerations regarding the usage of LMAs in future battery technologies provided 

the framework for empirically examining their laser process behavior in P3. Melt expulsion 

was identified as the predominant material removal process, and the extent of the melt bulge 

along the cut edge was quantified as a quality measure. P4 introduced an automated approach 

to overcome laborious and inaccurate manual quality assessment. This method utilized ML 

models to categorize topography images, providing reliable and precise metrics, such as the 

melt seam height and width. Understanding process phenomena and developing quality assur-

ance techniques for lithium substrates contributed to resolving RO2. 

Contribution of publication P5 to RO3 

P5 on the surface reconditioning of LMAs correlated directly with RO3. A holistic research 

approach was employed in this first scientific exploration of laser surface treatment of LMAs, 

starting with a thorough literature analysis. An encapsulated prototype laser unit was con-

structed and implemented to facilitate experiments in an argon atmosphere. The effects of laser 

surface treatment were analyzed using microscopy techniques and by integrating the processed 

LMAs into battery prototypes with LEs and SEs. Furthermore, the industrial practicability of 

the proposed method was examined by conceptualizing a roll-to-roll production scenario and 

calculating potential throughput rates. 

Contribution of publications P6 and P7 to RO4 

RO4, which focused on efficiently machining oxide-ceramic SEs, was explored in two scien-

tific studies. A semi-empirical modeling approach based on experimental studies was employed 

to optimize various ablation metrics as described in P6, creating a basis for selecting suitable 

laser parameters. Initial process studies were conducted, and the feasibility of using pulse bursts 

to increase the material removal rate was assessed. Building on this, P7 further examined the 

scalability and achievable surface quality of laser ablation. As part of the investigations, differ-

ent radiation wavelengths were compared for their effectiveness in processing oxide SEs. In-

sights gained were contextualized with examples from ASSB production, whereby processing 

times were calculated using the experimentally derived metrics, and scaling strategies were 

evaluated. 

Contribution of publication P8 and P9 to RO5 

Leveraging the insights gained from solving RO4 on laser processing of oxide-ceramic SEs, a 

novel laser-based approach for manufacturing scaffold-based composite cathodes was explored 

within RO5, qualifying an according process chain. For P8, laser-structured SE layers were 

infiltrated with CAM, and the obtained separator–cathode bi-layers were analyzed using diverse 

material characterization techniques. ASSBs with different CAM types were manufactured and 

tested, demonstrating a superior performance of three-dimensional composite cathodes com-

pared to counterparts with a planar design. P9 assessed various manufacturing methods for 

scaffold-based electrodes, facilitating a technological categorization of the introduced laser-

based concept. Additionally, an energy model was developed to assess the impact of key cell 

design parameters on achieving industry-relevant energy densities and specific energies. 
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Figure 4.2:  Starting from the global thesis objective (GTO), the research approach during the prescriptive study 

(PS) of this thesis is holistically shown. The nine embedded publications (P1 – P9) together with the 

employed scientific methods are allocated to the five research objectives (RO1 – RO5) within the two 

fields of actions. 
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5 Research Findings 

As the centerpiece of this thesis, Chapter 5 showcases the original research findings by sum-

marizing each publication and outlining the contributions of the respective authors. First, Sec-

tion 5.1 details the results on selected laser applications in LIB production, followed by the 

research on laser micro-processing in ASSB production in Section 5.2. 

The research findings are distributed over nine peer-reviewed journal publications (P1 – P9), 

with the thesis author holding the first authorship for all embedded papers (see Table B.1, Ap-

pendix B). Scopus-listed 90 journals specializing in materials science, laser technology, electro-

chemistry, and production technology were selected as platforms depending on the subject mat-

ter of each publication (see Table B.3, Appendix B).  

An authorship contribution statement is included for every publication according to the Con-

tributor Roles Taxonomy (CRediT) (ALLEN ET AL. 2019; BRAND ET AL. 2015), implemented by 

numerous journals and publishers to guarantee transparency concerning the author roles. The 

CRediT systematizes a high-level terminology for research contributions, including 14 author-

specific roles 91 that describe the scholarly output. For most publications, the CRediT statement 

was reproduced from the original manuscript (P2, P3, P4, P5, P7, P8, P9). For publications 

without a CRediT statement enclosed in the original manuscript (P1, P6), author roles were 

complemented after clearance with the co-authors. Student research projects substantially con-

tributed to this dissertation’s scientific outcome, and a list of the 21 supervised theses is given 

in Table A.1 in Appendix A. 

5.1 Results on lithium-ion batteries 

The first two publications of this dissertation investigated potential applications of laser micro-

processing in LIB production. Key findings from these studies are summarized below. 

5.1.1 P1: Process strategies for laser cutting of electrodes in lithium-ion battery 

production 

P1 (KRIEGLER ET AL. 2021b) contributed to the first phase of the PS by evaluating the state of 

the art of electrode laser cutting as a core process in LIB production. To this end, the separation 

of graphite anodes was experimentally investigated by comparing CW and pulsed laser 

processes. The results of P1 were presented at the 39th International Congress on Applications 

of Lasers and Electro-Optics (ICALEO) 2020 and published in a corresponding special issue 

of the Journal of Laser Applications (JLA). 

 
90 Scopus is a comprehensive bibliographic research database of peer-reviewed, high-quality literature, which is maintained by 

the scientific publisher Elsevier. 
91 The 14 author roles defined in the CRediT involve conceptualization, data curation, formal analysis, funding acquisition, 

investigation, methodology, project administration, resources, software, supervision, validation, visualization, writing – orig-

inal draft, and writing – review & editing. Detailed explanations are provided by BRAND ET AL. (2015). 
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Article overview 

Relevant material characteristics, productivity metrics, economic viability measures, and cut-

edge quality criteria were collected from the existing literature on electrode separation to estab-

lish a framework for the conducted experimental studies. Moreover, the implementation of elec-

trode laser cutting in contemporary battery production was discussed, highlighting the predom-

inance of nanosecond-pulsed laser sources in industrial battery production and the limited com-

parability of process alternatives. The experimental studies of P1 addressed this literature deficit 

by comparing the processing of double-sided coated graphite anodes using nanosecond-pulsed, 

picosecond-pulsed, and CW IR laser radiation.  

A comparative analysis between a nanosecond-pulsed and a CW laser unit was conducted by 

exploiting a single-pass scanning strategy in a first test series. The clearance width at the max-

imum cutting speed for a respective parameter set was measured via LSM and employed as a 

quality criterion. Moreover, SEM was utilized to permit qualitative statements about the cut-

edge quality and the underlying material removal mechanism. When applying nanosecond laser 

pulses, the maximum cutting speed increased with the pulse repetition rate and the laser power. 

The maximum laser power (100 W) and pulse frequency (500 kHz) tested reached the highest 

cutting speed of 0.8 ms−1 and the lowest clearance width of 42 µm. In contrast, CW laser ra-

diation with average powers of up to 3 kW allowed to attain cutting speeds of up to 10 ms−1. 

A favorable parameter set combining process efficiency with a low clearance width of 45 µm 

was identified at a laser power of 1.8 kW and a cutting speed of 8 ms−1. However, more ho-

mogenous cut edges were observed for the pulsed laser process, accounting for a less thermally 

dominated ablation mechanism (cf. Subsection 2.2.3). 

Another approach explored multi-pass strategies to minimize the thermal energy input through 

layer-by-layer material ablation. Initially, constant laser parameters for both nanosecond-pulsed 

and CW laser processing were applied throughout all passes. By incrementally increasing the 

number of scan cycles until complete anode separation, a linear relationship emerged between 

the number of iterations and the scanning speed. Notably, an augmented effective processing 

speed of 0.9 ms−1 was achieved for the nanosecond-pulsed laser system through five scan cy-

cles, accompanied by a 14 % reduction in clearance width (36 μm). Meanwhile, the CW laser 

system achieved a 54 % reduction in clearance width (41 μm) at the expense of productivity, 

as the cutting speed of 2.0 ms−1 was markedly below the single-pass velocity.  

Secondly, a strategy that comprised two scan cycles with customized parameters was investi-

gated, considering the individual ablation thresholds of the copper current collector and the 

graphite coating. The upper electrode coating was ablated in a first scan cycle at a lower line 

speed, while the current collector and the lower coating were cut in a second scan cycle. No 

further improvement in clearance width was achieved for the nanosecond-pulsed laser system, 

while for the CW laser system, a reduction to 34 μm was accomplished at an effective cutting 

speed of 0.83 ms−1. 

Thirdly, a preliminary experimental series on picosecond laser cutting was executed to improve 

the cut-edge quality by reducing the thermal impact on the electrode material. While material 

removal was solely based on the ejection of whole particles for longer pulse durations and CW 

radiation, the high laser fluences of ultrashort pulses led to the cutting of individual particles. 

The low heat input resulted in small cutting gaps and clearance widths. However, the compara-

bly low maximum laser power of 50 W restricted the cutting speed to 0.2 ms−1.  
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CRediT authorship contribution statement 

Johannes Kriegler: Conceptualization, Methodology, Investigation, Visualization, Formal 

analysis, Data curation, Validation, Writing – original draft, Writing – review & editing; Moritz 

Binzer: Investigation, Validation, Formal analysis, Data curation, Visualization; Michael F. 

Zaeh: Supervision, Project administration, Funding acquisition, Writing – review & editing 

5.1.2 P2: Enhanced performance and lifetime of lithium-ion batteries by laser 

structuring of graphite anodes 

P2 (KRIEGLER ET AL. 2021a) comprises comprehensive electrochemical investigations of LIBs 

with laser-structured anodes, targeting an improvement of various battery KPIs. Thus, P2 fo-

cused on the surface treatment of LIB electrodes, serving as a foundation for improving the 

performance of ASSBs by a laser-based interface modification in the main part of the PS. The 

journal Applied Energy was selected for publication due to its focus on bridging the gap be-

tween research and implementation in energy storage.  

Article overview 

Unlike previous studies on small-format laboratory batteries, this research used multi-layer 

pouch cells to ensure industrial relevance. Micro-drillings in a hexagonal pattern were intro-

duced into graphite anodes using short laser pulses, diminishing the AAM mass by 7.8 %. Six 

LIBs with laser-structured anodes (structured batteries) were assembled using semi-automated 

production equipment 92. Moreover, six LIBs containing conventional anodes, otherwise iden-

tical in construction, were fabricated to serve as a benchmark (reference batteries). 

A subset of three structured and three reference batteries underwent discharge rate testing at 

25 °C, 0 °C, and −10 °C. The voltage of the references collapsed more severely at higher C-

rates, particularly at low temperatures. Their structured counterparts consistently outperformed 

the references, achieving up to 35 % higher discharge capacities. The improved rate capability 

was attributed to decreased lithium-ion concentration gradients, resulting in lower battery over-

potentials. The facilitated lithium-ion transport was traced back to a reduced anode tortuosity 

by the laser-induced migration pathways 93 (cf. Subsection 3.2.1).  

Higher average discharge voltages and capacities, together with the mass reduction by material 

removal, improved the specific energies of structured batteries compared to the references. 

Transient voltage plateaus when discharging the reference batteries at −10 °C indicated lithium 

plating during the preceding charging phase, with no such plateaus evident for structured bat-

teries. The re-intercalation of lithium depositions into the anode induced a voltage, superim-

posing the discharge voltage curves 94. 

In a fast-charging test, the references reached the upper cut-off voltage earlier than the struc-

tured batteries, as higher polarizations shortened the CC charging phases and restricted the 

SOCs. Moreover, smaller voltage drops of the structured batteries after charging were ascribed 

 
92 The batteries with an anode footprint of  79 cm2 were assembled on the battery pilot production line of the iwb at the TUM 

(REINHART ET AL. 2013). Apart from laser structuring, the manufacturing routine involved electrode separation, cell stacking, 

contacting, packaging, vacuum drying, electrolyte filling, and cell finishing.  
93 Evidence on the reduced tortuosity of laser-structured electrodes was provided through EIS in a study by HILLE ET AL. (2021) 

under the participation of the author of this thesis. 
94 The voltage relaxation of LIBs with laser-structured anodes after charging was investigated in a preceding publication to 

which the author of this thesis contributed as a co-author (HABEDANK ET AL. 2019a). 
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to lower transport overpotentials due to reduced concentration gradients in the electrolyte. 

To understand the effects of laser structuring on LIB aging under demanding conditions, a fast-

charging life cycle test was conducted with a second subset of six LIBs. The references exhib-

ited a sharp decline of the CC charge capacity, settling at 18 % of the nominal capacity after 50 

cycles, indicative of increased cell polarizations, potentially due to surface layer formation or 

pore-clogging. In contrast, structured batteries featured a gradual decline in the CC charge ca-

pacity, retaining 41 % of their initial capacity after 500 cycles. Moreover, structured batteries 

still achieved average SOCs of 68 % within 15 min after 500 cycles, showcasing their sustained 

fast-charging capability over time. Both battery types demonstrated a capacity fade that decel-

erated with ongoing cycling. However, the reference batteries experienced a more rapid capac-

ity decline to 52 % of the initial capacity after 50 cycles, while structured batteries maintained 

a 74 % capacity retention after 520 cycles.  

The rapid capacity decay in reference batteries was traced back to the LLI by lithium plating in 

the initial cycles. This effect became self-limiting over time, leading to a stabilization in capac-

ity curves and constant CEs. Structured batteries exhibited lower overpotentials and a more 

sustained capacity due to facilitated lithium-ion transport despite a reduced N/P ratio, which 

typically promotes lithium plating. An ICA was undertaken to discern between the dominant 

aging mechanisms, showing typical signs of lithium plating for the references, and ordinary 

aging behavior for the structured batteries.  

The electrochemical findings were substantiated by post-mortem analyses of graphite anodes 

after cycling. Visual inspection demonstrated that the structured anodes retained their original 

appearance, whereas the reference anodes had developed a metallic gold-like surface film that 

quickly changed to silver/black upon exposure to air, indicative of lithium depositions. Moreo-

ver, SEM revealed a homogenous surface layer covering the reference anodes and only minor 

deposits on the structured counterparts. Finally, carbon and fluorine 95 were uniformly mapped 

on the structured electrodes by EDX, while the absence of these elements on the references 

evidenced not-detectable lithium accumulations 96.  

The insights of P2 underline the effectiveness of laser structuring in enhancing the performance 

and longevity of LIBs, particularly in fast-charging applications. Thus, the publication rein-

forces the potential of laser micro-processing to advance energy storage solutions by the tar-

geted alteration of electrode surfaces. 

CRediT authorship contribution statement 

Johannes Kriegler: Conceptualization, Methodology, Investigation, Visualization, Formal 

analysis, Data curation, Validation, Writing – original draft, Writing – review & editing; 

Lucas Hille: Investigation, Validation, Writing – review & editing; Sandro Stock: Formal 

analysis, Writing – review & editing; Ludwig Kraft: Investigation, Writing – review & editing; 

Jan Hagemeister: Investigation, Writing – review & editing; Jan Bernd Habedank: Writing – 

review & editing; Andreas Jossen: Supervision, Project administration, Funding acquisition; 

Michael F. Zaeh: Supervision, Project administration, Funding acquisition, Writing – review & 

editing 

 
95 The detection of carbon and fluorine on the anode surface indicates the uncovered presence of the AAM (graphite) and the 

binder (PVDF), respectively. 
96 Conventional EDX cannot detect lithium due to its low atomic number (BURGESS ET AL. 2013). However, the presence of 

lithium can be indirectly confirmed by the extenuation of the counts of other elements compared to a reference sample or area.  
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5.2 Results on all-solid-state batteries 

The core focus of the PS in this thesis is the application of laser radiation for micro-processing 

ASSB components. The outcomes of the related publications are summarized below. 

5.2.1 P3: Processing of lithium metal for the production of post-lithium-ion bat-

teries using a pulsed nanosecond fiber laser 

In the scope of P3 (KRIEGLER ET AL. 2022a), the laser cutting of lithium foils, a crucial compo-

nent for producing high-energy ASSBs, was experimentally investigated. As such, the publica-

tion constituted a milestone in the PS. Due to the shortage of studies on lithium processing, P3 

was issued in the material science journal Results in Materials. 

Article overview 

Prior to conducting experimental investigations, model calculations were performed to deline-

ate an appropriate layer thickness range for LMAs in diverse LMB configurations, including 

ASSBs. The required lithium film thickness was determined as a function of the intended cath-

ode areal capacity and lithium excess (cf. Subsection 2.1.4), indicating the necessity of pro-

cessing layers thinner than 50 μm. A cell model was established to study the impact of the foil 

thickness on the energy density and specific energy of ASSBs comprising different SE types. 

In the ensuing experimental part of the publication, a 50 μm thick free-standing lithium foil was 

selected, striking a balance between representing a realistic application and being commercially 

available at the time of the study.  

A nanosecond-pulsed fiber laser beam source with a maximum average power output of 200 W 

was used for the experiments, consistent with systems employed for electrode separation in LIB 

production (cf. P1 in Subsection 5.1.1). A mobile gas-tight process chamber comprising a win-

dow transmissive for laser radiation was constructed. This box mitigated material degradation 

during the experiments by enclosing the sample material in a dry-air atmosphere (dew point  

 −40 °C). For the first time, multi-pulse ablation thresholds of lithium were determined, using 

an established analytical relationship (cf. Equation 2.28). Conforming to the theory for short-

pulsed laser radiation, a square root dependence of the ablation threshold on the pulse duration 

(cf. Equation 2.29) was demonstrated across five pulse durations ranging from 13 ns to 261 ns. 

Comparing the lithium ablation thresholds to those of other metals revealed minor values, which 

was attributed to lithium’s low thermal conductivity and melting temperature. 

After these preliminary tests, cutting experiments were conducted, manipulating pulse fre-

quency, fluence, and duration to ascertain dominating process effects, maximum cutting speeds, 

and relevant quality metrics. SEM images were analyzed to link the process parameters to ma-

terial expulsion effects, identifying melt displacement as the primary mechanism for material 

removal. When a pulse-duration-specific critical fluence was exceeded, explosive boiling oc-

curred, facilitating high cutting speeds of up to 6.6 m ∙ s−1 but resulting in numerous melt drop-

lets along the cut edge. Utilizing low fluences, high frequencies, and short pulse durations 

proved advantageous, avoiding explosive boiling while maintaining high cutting speeds by pre-

venting plasma shielding.  

In a second set of experiments, the shape of the melt superelevation, a critical cut-edge quality 

criterion (cf. Subsection 3.1.2), was examined using LSM. With the laser power fixed at 100 W, 

the influences of the pulse duration and frequency were systematically tested. Through-cuts 
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necessitated pulse overlaps greater than 90 %, although lower overlaps and, consequently, 

higher cutting speeds could be enabled using lower pulse frequencies combined with higher 

fluences. Lowering the pulse overlap was important for decreasing the width and height of the 

melt superelevation, which, by appropriately selecting the laser parameters, could be reduced 

to values below 40 μm and 10 μm, respectively. 

Overall, this study identified crucial process phenomena in nanosecond laser processing of lith-

ium metal, confirming the technical suitability of laser sources already deployed in producing 

LIBs. Melt displacement was revealed as the primary material removal mechanism for short 

laser pulses, leaving behind a characteristic, quality-critical melt superelevation along the cut 

edge. The results highlighted the quantitative evaluation of this melt rim as an essential measure 

for quality assessment in LMB production, a pursuit further explored in P4. 
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5.2.2 P4: Automated quality evaluation for laser cutting in lithium metal battery 

production using an instance segmentation convolutional neural network 

P4 (KRIEGLER ET AL. 2023a) built upon P3, where the imperative for an automated and repro-

ducible method to assess the cut-edge quality of LMAs was identified. The absence of pertinent 

scientific literature precluded directly adapting a methodology from related fields, such as LIB 

production. Thus, an innovative ML approach using a Convolutional Neural Network (CNN) 97 

was selected, accounting for its recognized robustness, flexibility, and scalability. P4 was pub-

lished in a dedicated special issue of the JLA on Laser Manufacturing for Future Mobility. 

Article overview 

Within this paper, a deep-learning computer vision 98 methodology was utilized to automatically 

detect, segment, and evaluate the cut edges of lithium foils. Due to its high accuracy proven in 

other applications, a pre-trained version of the Mask Region-based Convolutional Neural Net-

work (Mask R-CNN) (HE ET AL. 2017), a state-of-the-art ML algorithm for object classification 

and pixel-level instance segmentation, was selected.  

Lithium samples with different cut-edge shapes were manufactured through varying the laser 

process parameters. A total of 246 associated color and topographic LSM images were rec-

orded, constituting the primary dataset. Following a common procedure, the dataset was aug-

mented to 984 images by creating mirrored and rotated versions of the original images. Fol-

lowing this, a human expert sorted the images into two categories, distinguishing between those 

illustrating defective and successful cuts.  

 
97 CNNs are deep-learning algorithms particularly well-suited for computer vision tasks (LECUN ET AL. 2015). 
98 Computer vision involves the automatic extraction of features from visual data, such as images. Common sub-methods of 

computer vision include image classification, object detection, semantic segmentation, and instance segmentation. (LIN ET 

AL. 2014)  
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Then, the melt superelevations were manually annotated using polygonal lines to obtain 

ground-truth 99 labels. Subsequently, diverse datasets were created to train the algorithm, and 

its performance was evaluated based on standard ML metrics 100. Notably, hyperparameters, 

such as the learning rate and the number of training epochs, were intentionally left unoptimized, 

as the primary emphasis of the study rested on assessing the algorithm’s industrial applicability. 

Initially, the algorithm’s precision in classifying the images in successful and defective cuts 

was investigated, exploring its dependence on the number of training images. With an increas-

ing quantity of the training images, a discernible rise in classification accuracy was observed, 

concomitant with a reduction in deviation across distinct training iterations. The peak classifi-

cation precision of 98.3 % was accomplished with the most extensive training dataset, encom-

passing 700 images. A validation experiment affirmed that incorporating synthetic images 

through data augmentation only indiscernibly deteriorated the results compared to the mere 

application of primary images. This observation is significant for practical implementation, 

considering the laborious and costly nature of generating training images.  

Secondly, the intersection over union (IoU) was computed as the ratio of the intersecting area 

to the union area of predicted and ground-truth segmentation regions. An IoU of 87.9 ± 0.1 % 

was achieved when training with 700 images, which was only slightly below the human repro-

ducibility. The test time per image was only 850 ms, which is noteworthy given the utilization 

of a standard personal computer and the omission of specific efficiency optimization measures 

in the processing pipeline. 

In the third phase, quantitative assessments of the melt superelevation geometry were obtained 

by overlaying topography images with their corresponding binarized segmentation masks. Pa-

rameters, including average kerf widths and melt dimensions, were extracted, along with their 

associated standard deviations. The derived values corresponded well with manual measure-

ments, facilitating a further sub-classification of the images displaying successful cuts into such 

featuring regular and such featuring irregular melt superelevations. Executing the entire test 

sequence required 1.3 s per image, which signifies a substantial reduction when compared with 

manual evaluations. This holds promise for the future application of the procedure in industrial 

scenarios. 

To summarize, the computer vision approach offers an automated and reproducible means of 

evaluating the cut-edge quality of LMAs. The algorithm’s high adaptability allows easy exten-

sion to diverse materials and applications. The method demands only a modest number of train-

ing images and exhibits short execution times, underscoring its suitability for comparative test 

series during process design and integration into industrial production environments. 
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99 In image segmentation, the ground truth refers to the correctly labeled pixels, serving as a benchmark to evaluate the perfor-

mance of an algorithm.  
100 A summary of ML metrics is provided by PADILLA ET AL. (2020). 
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5.2.3 P5: Surface reconditioning of lithium metal anodes by laser modification 

In P5 (KRIEGLER ET AL. 2024b), the effectiveness of a laser-based surface modification in fine-

tuning the chemistry and morphology of LMAs was showcased, addressing the lack of a precise 

and scalable production method (cf. Subsection 3.2.2). Since the goal was to modify only the 

uppermost material layer, a melt-dominated nanosecond laser process, as applied for cutting as 

described in P3 and P4, was avoided, and instead, picosecond laser pulses were employed.  

Concentrating on the chemical and physical alteration of lithium as an emerging battery mate-

rial, P5 was published in the journal Advanced Functional Materials 101. To the author’s 

knowledge, the targeted surface modification of lithium by laser radiation was neither scientif-

ically described nor patented before its publication in the context of this thesis. 

Article overview 

P5 covered various topics, including laser trials, surface property analyses, electrochemical 

tests, and an industrial practicability study to research the laser micro-modification of LMAs. 

Experiments required execution in an inert gas atmosphere to prevent unintended reactions of 

the samples (cf. Subsection 2.1.6). For this purpose, a pulsed laser assembly was incorporated 

into a glovebox environment, advancing the shielding gas box developed in P3. This prototype 

laser unit ensured a controlled atmosphere with water and oxygen levels maintained at less than 

1 ppm during the process. Additional details on the laser unit, integrated within a research-

grade, semi-automated production system for ASSB prototype assembly, were disclosed in a 

separate publication, which was co-authored by the author of this thesis (KONWITSCHNY ET 

AL. 2024). 

Initially, the behavior of lithium under the influence of picosecond laser pulses was examined. 

Based on the pulse-number-dependent threshold fluence determined for the given pulse dura-

tion, the areal processing of lithium foils was investigated in a process study across 180 param-

eter combinations, varying the pulse fluence, repetition rate, and overlap as well as the hatch 

distance. The generated surfaces were characterized by SEM and assigned to one of four cate-

gories (no ablation, ablation-dominated, melt-dominated, cratering) based on their morphology. 

LSM measurements of the processed samples affirmed the potential to increase or reduce the 

surface roughness based on the specific requirement. As only the uppermost material layer was 

to be modified, a parameter set from the ablation-dominated process regime was selected as a 

reference for the remaining investigations, avoiding excessive melting.  

The efficacy of the reference parameter set in eliminating contaminants from the lithium surface 

was assessed by applying up to four consecutive laser cycles with varying scan directions. SEM 

demonstrated a gradual reduction in microstructural surface imperfections with increased 

scanning cycles. Additionally, the method’s capability to restore the surface properties of 

degraded lithium was investigated by targeted exposing of samples to ambient air before 

processing. Photographic evidence and SEM imaging illustrated that laser treatment effectively 

removed the distinct passivation layer formed upon contact with ambient air, restoring a planar 

surface.  

EDX mappings were employed to validate the reduction in oxygen and carbon fractions on both 

degraded and non-degraded lithium substrates after further processing. EDX count maps for 

 
101 A related patent that was co-filed by the author of this thesis focuses on the industrial application of the proposed method 

for processing lithium (BALLMES & KRIEGLER 2024).    
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oxygen and carbon were generated to quantify this effect, progressively increasing the acceler-

ation voltage from 1 − 5 kV to control the measurement depth. After laser cleaning, traces of 

oxygen and carbon were decreased in most configurations, with count intensity reductions for 

both elements typically ranging from 60 − 80 % within the laser-processed regions.  

Laser-treated lithium metal electrodes were incorporated into symmetrical ASSBs with LLZO 

and LPSCl SE separators to evaluate their performance under electrochemical testing 

conditions. Interfacial cell resistances of the ASSBs were measured by EIS at OCV conditions, 

and an equivalent circuit model was fitted to the data. The analyses demonstrated reduced 

interfacial resistances by approximately 44 % for LLZO-based and 35 % for LPSCl-based 

ASSBs with laser-modified anodes compared to those with pristine lithium metal electrodes. 

The reduced resistances were attributed to the removal of the passivation layer through laser 

treatment.  

Additional experiments with liquid-electrolyte LMBs were performed to mitigate the imperfect 

electrode–electrolyte interfacial contact inherent to ASSBs. In these tests, lithium was alter-

nately plated and stripped (symmetrical cycling) in cells with lithium metal electrodes on both sides. 

The LMBs with laser-treated electrodes demonstrated lower and more consistent overvoltages com-

pared to their pristine counterparts. Nyquist plots 102 revealed that the impedance of the liquid-

electrolyte LMBs with laser-treated electrodes remained almost constant throughout the cycles, 

indicating potential benefits in terms of enhanced electrochemical performance and extended 

cell lifetime. 

In a final step, a concept for incorporating laser micro-cleaning in the manufacturing chain for 

LMAs was proposed. Furthermore, model calculations based on the previously determined pro-

cess parameters substantiated the approach’s potential for integration into roll-to-roll industrial 

production scenarios. Process costs of 0.93 US$ ∙ m−2 were estimated for a material throughput 

of 0.42 m2 ∙ min−1, constituting less than 9 % and 4 % of the total price for 20 μm and 50 μm 

thick lithium foils, respectively. Thus, the economic viability of laser-based surface treatment 

in LMB production was corroborated. 

To sum up, P5 introduced a novel method for modifying the surface of lithium foils through a 

laser approach, proving the electrochemical advantages of processed LMAs in SE and LE 

LMBs. The results indicated significant potential for integrating laser micro-cleaning as an ad-

ditional process step before LMB assembly.  
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102 EIS results are typically displayed using a Nyquist plot, where the imaginary part of the impedance is plotted on the ordinate 

and the real part on the abscissa (VADHVA ET AL. 2021). 
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5.2.4 P6: Pulsed laser ablation of a ceramic electrolyte for all-solid-state batteries 

As part of the investigations on RO3, the efficient material removal of ceramic SEs was exam-

ined in P6 (KRIEGLER ET AL. 2022b) using LATP as exemplary material. The study was pre-

sented at the 12th Collège International pour la Recherche en Productique (CIRP) Conference 

on Photonic Technologies (LANE) 2022 and published in the corresponding journal  

Procedia CIRP.  

Article overview 

Adopting SEs in battery production necessitates a shift in laser process design due to altered 

material properties compared to porous LIB electrodes (cf. Subsection 5.1.1). The uncertainties 

regarding achievable laser processing rates for ceramic SEs at the initiation of P6 prompted 

questions about its suitability for industrial ASSB production. Consequently, this study adopted 

a framework for determining material removal metrics for ceramic SEs based on established 

empirical modeling approaches (NEUENSCHWANDER ET AL. 2012; ŽEMAITIS ET AL. 2020).  

Experimental laser studies were conducted for battery-grade LATP to compare the suitability 

of pico- and nanosecond laser pulses for processing ceramic SEs. Initial experiments involved 

identifying multi-pulse ablation thresholds for pulse durations of 8 ps, 1 ns, and 5 ns according 

to Liu’s method (LIU 1982), revealing a proportional relationship to the square root of the pulse 

durations (cf. Equation 2.29). Thus, reducing the pulse duration from nanoseconds to picosec-

onds significantly decreased the pulse fluence required for material removal. 

Subsequently, trenches were manufactured using nano- and picosecond pulses. Their depths 

and volumes were measured by LSM to calculate ablation efficiencies and rates based on the 

depth progression and the volume of material removed (cf. Subsection 2.2.4). The ablation rates 

increased almost linearly with the pulse fluence for nanosecond laser pulses. Instead, the abla-

tion efficiencies remained virtually unaffected at 2 µm3 ∙ μJ−1 and 3 µm3 ∙ μJ−1 for pulse dura-

tions of 5 ns and 1 ns, respectively. SEM images revealed slight melt traces along the cutting 

kerfs at high fluences, particularly for the longer pulse duration of 5 ns. A complementary ex-

periment for a pulse duration of 8 ps and varying pulse repetition rates raised distinct peaks in 

the ablation efficiencies, which confirmed the existence of optimum pulse fluences.  

A semi-analytical model for ultrashort laser processes was adapted from the literature and im-

plemented for the underlying use case. The Lambert–Beer law (cf. Equation 2.25) constituted 

the physical foundation of the modeling approach (FURMANSKI ET AL. 2007). This principle, 

which describes the attenuation of light, allowed the derivation of analytical formulas describ-

ing the energetic efficiency and material removal rate considering a Gaussian intensity distri-

bution. The functions were calibrated with empirical data to describe the material removal be-

havior over a wide fluence range and to derive optimum pulse fluences. For example, the opti-

mum fluence for a pulse repetition rate of 100 kHz was around 10 J ∙ cm−2 and yielded the 

material removal of approximately 35 µm3 ∙ μJ−1. Notably, picosecond pulses achieved up to 

ten times as high ablation efficiencies compared to nanosecond pulses while maintaining a 

nearly melt-free surface quality when working at optimum fluences. The material removal per 

time unit increased with higher repetition rates but at the expense of energetic efficiency. This 

behavior was attributed to shielding effects dominating heat accumulation with the decreased 

temporal distance between incoming laser pulses.  

Exploring the potential of enhancing ablation efficiency through megahertz bursts of two to 



5.2  Results on all-solid-state batteries 87 

 

 

five picosecond laser pulses revealed a detrimental impact on both material removal efficiency 

and surface quality. SEM imaging illustrated pronounced melt depositions around trenches that 

intensified with the number of pulses per burst, suggesting intra-burst heat accumulation.  

In conclusion, P6 introduced a systematic approach for evaluating material removal efficiency 

and quality in machining ceramic SEs, serving as preparatory work for subsequent experimental 

laser studies described within P7 and P8. 
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5.2.5 P7: Scaling up picosecond laser ablation of an LATGP-type glass-ceramic 

solid electrolyte for all-solid-state battery production 

Building on the theoretical foundation established in P6, an extensive experimental investiga-

tion into the ablation behavior of a commercial SE under high-energy picosecond laser pulses 

was conducted for P7 (KRIEGLER ET AL. 2023d). The results were contextualized within cutting 

and structuring application scenarios to assess the process capability for industrial ASSB fabri-

cation. P7 was published in the Journal of Manufacturing Processes, accounting for its contri-

bution to improved fabrication processes. 

Article overview 

As part of an extensive process study, a picosecond laser unit with tunable wavelengths of 

1064 nm (IR), 532 nm (green), and 355 nm (UV) was utilized to process the oxide-ceramic 

SE LAGTP 103. Ablation thresholds, efficiencies, and rates were determined by fabricating per-

cussion drillings, trenches, and cavities, employing different wavelengths, pulse fluences, and 

pulse repetition rates. A focus was placed on the disparities and constraints associated with the 

various geometric structures, underscoring the need to tailor experimental approaches to spe-

cific application scenarios.  

For the IR wavelength, the ablation threshold of LAGTP considerably exceeded that of LATP, 

as reported in P6. This difference was attributed to the manufacturing of the LAGTP samples 

by melt quenching, which resulted in a glass-ceramic material structure with fewer defects than 

for sintered LATP. The enhanced absorption of short-wavelength radiation by inorganic mate-

rials resulted in lower ablation thresholds for the green and UV wavelengths.  

LSM analyses of cavities and trenches created through laser ablation allowed the calculation of 

volume and depth ablation efficiencies and rates. Short-wavelength pulses exhibited superior 

performance at low fluences, peaking at a volume ablation efficiency of 36 μm3 ∙ μJ−1 for green 

radiation, while IR wavelengths excelled at high fluences benefitting from heat accumulation. 

Scaling the pulse repetition rate from 10 kHz to 1000 kHz altered the volume ablation efficien-

cies owing to heat accumulation and the attenuation of incoming laser pulses by shielding 

 
103 Lithium aluminum germanium titanium phosphate (LAGTP) with the chemical formula Li1+𝑥+3𝑧Al𝑥(Ti, Ge)2−𝑥Si3𝑧P3−𝑧O12 

is a Germanium-doped NaSICON-type LATP derivate that is commercially distributed (OHARA CORPORATION 2024). 
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effects. However, exploiting a higher power at the elevated pulse repetition rate amplified the 

volume ablation rates to 26 mm3 ∙ min−1. Trench manufacturing typically exhibited lower vol-

ume ablation efficiencies compared to cavities, likely due to increased reflections along the 

trench walls and a larger irradiated surface area.  

Moreover, depth ablation efficiencies were calculated, revealing reduced efficiencies for 

trenches relative to cavities, aligning with volume ablation behavior. Maximum depth ablation 

efficiencies were 371 nm ∙ μJ−1 for cavities and 214 nm ∙ μJ−1  for trenches, with low fluences 

and short wavelengths proving advantageous. Trench depth progression varied depending on 

the wavelength, reaching its maximum with IR radiation. The limited depth achieved with green 

and UV wavelengths was attributed to the projected fluences falling below the ablation thresh-

olds and potential redeposition of ablated material. A decline in trench depth with higher scan 

repetitions was associated to the closure of the cutting kerf by melt reflow. 

Microscopy techniques were utilized to analyze the surfaces of the fabricated cavities and 

trenches, providing insights into the attainable quality. LSM demonstrated a rougher cavity 

surface with increasing pulse fluence across all tested wavelengths. However, green and UV 

laser radiation yielded surface roughness values below 500 nm, particularly at low fluences and 

pulse repetition rates. SEM imaging revealed distinct melt residues at the cavity bottoms when 

working at high fluences and pulse repetition rates, especially at shorter wavelengths. For 

trenches, micro-pitting occurred with the IR wavelength, whereas lower wavelengths resulted 

in more uniform cut edges. SEM cross-sections evidenced a modified material structure around 

the machined area, with needle-like cracks extending radially from trenches produced with IR 

radiation, indicating electronic damage 104.  

In the final step, the obtained ablation metrics and insights into surface quality were assessed 

for cutting and structuring use cases. A separator geometry (123.4 cm circumference, 

517.0 cm2 surface area, 20 μm thickness) was specified to estimate process times. The model 

calculations showed that multi-pass ablation cutting of the defined separator could be executed 

in under one second. Laser surface structuring, as demonstrated in P8 (cf. Subsection 5.2.6), 

was evaluated as a second application. Processing times for introducing a defined surface pat-

tern were computed based on structure depth and volume ablation rate, indicating that structur-

ing at optimum fluences could take over 10 minutes due to low power utilization. To reduce 

cycle times below one minute, strategies for exploiting high average powers, such as increasing 

the focal diameter, pulse repetition rate, or the number of laser sub-beams, were discussed 

In summary, P7 established a link between the laser ablation of ceramic SEs and potential ap-

plications by conducting thorough process studies that were followed by model calculations. 
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104 Electronic damage is a known mechanism of crack formation for materials processing of dielectrics with ultrashort laser 

pulses induced by high-density free electrons (SUN ET AL. 2013, SUN ET AL. 2016). 
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5.2.6 P8: Design, production, and characterization of three-dimensionally-struc-

tured oxide-polymer composite cathodes for all-solid-state batteries 

P8 (KRIEGLER ET AL. 2023b) extended the concept of three-dimensional electrode structuring 

from LIBs, as explored for P2 (cf. Subsection 5.1.2), to ceramic ASSBs. For this purpose, a 

production route for oxide-based composite cathodes with a tailored microstructure was pro-

posed and experimentally implemented. The laser micro-processing techniques employed for 

P8 were informed by the insights from P6 (cf. Subsection 5.2.4) and P7 (cf. Subsection 5.2.5), 

enabling large-area, damage-free structuring of oxide-ceramic SE substrates for inserting ho-

mogenous patterns of directed micropores. P8 was published in the multidisciplinary journal 

Energy Storage Materials, which focuses on technological advances in material research for 

improved energy storage. 

Article overview 

While most methods for producing scaffold-based composite cathodes involve infiltrating non-

directional pore structures (cf. Subsections 2.1.6 and 3.2.3), this study centered on a novel tech-

nique for creating oxidic SE layers with a directional design. An innovative process chain was 

introduced, involving laser ablation to form aligned structures in pre-sintered oxidic SE layers, 

followed by infiltration with cathode slurry. The article details each step of the process sequence 

and characterizes the intermediate and final products through selected analytical methods, with 

LATP as the exemplary SE.  

First, investigations using a picosecond laser unit demonstrated the versatility of laser ablation 

in creating structures of various shapes and sizes. The two pattern types generated were 

boreholes in a hexagonal arrangement created via helix drilling and a checkerboard-like 

configuration of trenches with defined spacing. SEM analyses showed damage-free sample 

surfaces with negligible melt residues, while XRD measurements confirmed that the phase 

composition and lattice parameters of the SE remained unchanged after laser structuring. 

Geometric analyses of trench and borehole structures by LSM revealed lateral structure 

dimensions of 45 − 80 μm and structure depths of up to 115 μm. After the material removal, 

the generated bi-layer components featured a separator region with thicknesses below 45 μm 

and a scaffold part with directional pore structures, exhibiting porosities of up to 50 %. 

Second, the structures were infiltrated with various cathode slurries containing single-

crystalline NMC622, polycrystalline NMC622, or LFP, along with a minor PE fraction serving 

as an ion-conducting adhesive. Cross-sectional SEM images visualized the percolation of the 

CAM particles down to the structure bottoms, suggesting a high pore-filling degree. EDX 

elemental mappings evidenced a homogenous distribution of slurry constituents within the 

structures. Weight measurements of samples before and after infiltration yielded theoretical 

areal capacities of up to 4.7 mAh ∙ cm−2  105.  

Coin-cell ASSBs with LMAs were prepared and electrochemically tested by galvanostatic 

cycling at current densities of 25 μA ∙ cm−2. An ASSB based on polycrystalline NMC622 

exhibited considerable initial specific charge and discharge capacities of 150 mAh ∙ g−1 and 

120 mAh ∙ g−1, respectively. The extractable capacities declined at higher areal currents due to 

increased cell polarization. In addition, a gradual capacity decrease over the battery lifetime 

 
105 The areal capacities of commercial LIBs are around 3 − 5 mAh ∙ cm−2 (STOCK ET AL. 2023, ANK ET AL. 2023), whereas 

research-grade ASSBs usually feature lower areal capacities (RANDAU ET AL. 2020). 
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was ascribed to chemo-mechanical effects (cf. Subsection 2.1.5). The ASSB with a structured 

composite cathode achieved up to 16 % higher specific discharge capacities than a comparable 

cell with a planar cathode, likely due to shortened ion-diffusion pathways. Electrochemical 

testing was also conducted on ASSBs with single-crystalline NMC622 and LFP as CAMs 

within the three-dimensionally-structured composite cathodes for validating the cell design.  

The results were compared to related concepts from the literature, contextualizing 

electrochemical data, such as mass loadings, current densities, and cycle numbers. Finally, the 

energy content of one manufactured ASSB was calculated, and a pathway for achieving a 

specific energy of 272 Wh ⋅ kg−1  and an energy density of 722 Wh ⋅ l−1 was outlined.  

Conclusively, P8, for the first time, showed the manufacture of oxide-based composite cathodes 

by infiltrating CAMs into directed laser-generated structures. Thus, the publication paved the 

way for further investigations on scaffold-type ASSBs with carefully designed microstructures. 
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5.2.7 P9: A perspective on the design, manufacturing, and energy content of all-

solid-state batteries with scaffold-based composite cathodes 

P9 (KRIEGLER ET AL. 2024a) provides an in-depth review of the design and manufacturing of 

scaffold-based composite cathodes alongside a calculation model for estimating the energy con-

tents of related ASSB concepts. Within this thesis, P9 functions as a technological assessment, 

comparing the laser-based approach introduced in P8 with alternative methods for fabricating 

oxidic SE scaffolds. Given the challenge of achieving high energy contents due to the relatively 

high density of oxidic SEs (cf. Subsection 2.1.3) and because of production-related limitations 

(cf. Subsection 2.1.6), model calculations were conducted to assess the commercial feasibility 

of the scaffold design. The choice of the Journal of Power Sources for publication reflects the 

study’s objective to bridge the gap between the technological implementation and practical ap-

plication of the proposed cell concept.  

Article overview 

P9 is organized into two main sections. The first section overviews available methods for fab-

ricating SE scaffolds with unoriented and directed pore structures, including pore former de-

gassing, template casting, colloidal crystal templating, 3D printing, laser structuring, and freeze 

casting (cf. Subsection 3.2.3). Compiling scaffold data from the literature underscored the need 

to validate the scalability of the diverse techniques. Moreover, infiltration techniques for active 

materials in SE scaffolds are also recapitulated, demonstrating the compatibility of a broad 

range of CAMs by avoiding co-sintering (cf. Subsection 2.1.6) and magnifying the SE–lithium 

interface (cf. Subsection 2.1.5). 

The second section introduces a computational model for predicting the volumetric energy 
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densities and specific energies for different scaffold-based ASSB designs under defined 

technical constraints that emerged from the technology review. Initial top-down energy content 

calculations, based on published experimental data, revealed a notable gap between theoretical 

and experimental values at both the cathode and the stack level 106.  

A subsequent bottom-up analysis examined the effects of individual design parameters. The 

tunability of the cathode areal capacity by adjustments in layer thickness, scaffold porosity, and 

infiltration constituents was discussed. The calculations projected the achievability of cathode 

areal capacities exceeding 5 mAh ∙ cm−2 with an initial scaffold porosity of 70 %. Following 

this, energy densities above 1500 Wh ∙ l−1 and specific energies beyond 500 Wh ∙ kg−1 at the 

cathode level were predicted, with LATP demonstrating advantages over LLZO due to its lower 

density. These results were translated to a stack level by comparing four technically viable 

configurations of LLZO- and LATP-based composite cathodes with LLZO and PE separators. 

The calculated effects of separator and composite cathode thickness suggested the potential for 

energy content improvements over LIBs.  

Finally, the impact of seven major cell design parameters was evaluated through a sensitivity 

analysis using two selected LLZO-based and LATP-based cell concepts. Therefore, baseline, 

pessimistic, and optimistic scenarios that relied on the technical implications from the literature 

review in the publication’s first part were formulated. It turned out that even with baseline 

parameters, scaffold-based ASSBs can surpass the energy content of state-of-the-art LIBs. 

Discussing the influences of individual factors on the specific energy and volumetric energy 

density yielded design guidelines for future research efforts.  

In conclusion, P9 affirmed the potential of scaffold-based oxide ASSBs for industrial imple-

mentation from both a production and a product perspective.  
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106 BETZ ET AL. (2019) explicate the different steps in energy content calculation. Thereby, stack-level calculations refer to a 

unit cell’s energy content, incorporating binders, conductive additives, current collectors, and a separator layer with the elec-

trode active materials and the electrolyte.  
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6 Discussion and Critical Reflection 

Chapter 6 outlines the contributions of the research findings to the state of research and tech-

nology. To this end, the scientific novelty is contextualized within the existing body of litera-

ture, demonstrating how the initial RGs were addressed (cf. Section 6.1). Moreover, the results 

undergo a technical evaluation to support their practical application in battery production. 

Therefore, the incorporation of the considered technologies into the respective process chains 

for battery production and the advancements of their technological maturity are discussed 

(cf. Section 6.2).  

Along with the technical evaluations of the individual publications, this chapter constitutes the 

DS-II of this thesis, evaluating the success in fulfilling the ROs.  

6.1 Scientific interpretation of the results 

This section underscores the relevance and impact of the scientific findings by positioning them 

within the existing literature to emphasize contributions and discrepancies. A complete repre-

sentation of the available literature is beyond the scope of this thesis. Instead, the objective is 

to position the publications in the research landscape using selected studies on specific topics. 

Following the framework established in Figure 4.2, P1 – P9 are categorized by their fields of 

action and the battery components they address (see Figure 6.1). Research on component sep-

aration primarily advanced laser process design and its industrial application, whereas the stud-

ies on surface modification significantly impacted battery design and production. 

Publications 1 and 2 

Several studies, including those by JANSEN ET AL. (2019a, 2019b) and CARBONARI ET 

AL. (2020), have provided evidence of the critical impact of electrode edge quality on battery 

performance, identifying electrode cutting as a key production process. Thus, existing research 

on the laser-based separation of LIB electrodes was reviewed in P1 to establish a comparative 

framework for ASSB component cutting. This analysis revealed the need for consistent evalu-

ation of different beam sources and process designs (cf. Subsection 3.1.1), which was addressed 

by comparing various process alternatives in terms of quality and throughput. Graphite-based 

anodes were used as the reference material due to their prevalence in contemporary LIBs (AN-

DRE ET AL. 2017), while the diversity of CAMs (ANDRE ET AL. 2015) complicates to reach uni-

versal conclusions on the cathode side. Prior studies focused on either CW (BAUMANN ET 

AL. 2019), short-pulsed (LUTEY ET AL. 2017), or ultrashort-pulsed (ZHANG ET AL. 2019a) laser 

cutting, which resulted in limited result comparability due to inconsistent quality metrics. In 

contrast, process alternatives were directly compared in P1 to evaluate their feasibility from 

different perspectives. Moreover, multi-pass cutting strategies, as proposed by BAUMANN ET 

AL. (2019), were refined by benchmarking them against single-pass approaches.  

In P2, laser micro-structuring of electrodes, a second reference technology from LIB 
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production, was explored beyond the scope of typical studies, which often concentrate on im-

proving individual electrochemical properties like discharge rate (DUBEY ET AL. 2020; 

HABEDANK ET AL. 2018a) or fast-charging capability (HABEDANK ET AL. 2019a) in small-for-

mat laboratory cells. However, these battery types only provide limited significance about the 

cyclic lifetime (BRIDGEWATER ET AL. 2021; SON ET AL. 2024). Thus, this critical metric and the 

complex degradation effects involved are often overlooked. A recent work by CHEN ET AL. 

(2020) provided electrochemical analyses of multi-layer LIBs but lacked statistical validation. 

Besides that, HABEDANK ET AL. (2019b) accelerated the filling of multi-layer pouch cells with 

LE by employing laser-structured electrodes but disregarded electrochemical testing. Notably, 

much of the earlier research prioritized structured cathodes over structured anodes. These gaps 

were addressed in P2 by manufacturing multi-layer pouch cells with laser-structured anodes 

and conducting comprehensive electrochemical evaluation. The processability of surface-mod-

ified electrodes with semi-automated manufacturing equipment was demonstrated to affirm 

their viability in industrial settings. Thus, the groundwork for subsequent manufacturing-cen-

tered studies on process scaling (HILLE ET AL. 2023c; ZWAHR ET AL. 2023) and integration 

(HILLE ET AL. 2023b) of laser structuring was laid. Furthermore, the extensive evaluation of 

electrochemical metrics under various operational conditions has enriched the understanding of 

how the altered product properties can be leveraged in practical applications, such as EVs. The 

understanding of the impact on cyclic lifetime and aging mechanisms was particularly enriched 

by combining ICA with post-mortem SEM and EDX analyses. Overall, the investigations un-

derscored the potential of laser-structured anodes to improve battery performance and longevity 

while substantially contributing to the production engineering domain.  

Together, P1 and P2 assessed the status of laser micro-processing techniques in LIB production, 

fulfilling RO1.  

Publications P3 and P4 

SCHNELL ET AL. (2018) and DUFFNER ET AL. (2021b) highlighted challenges in lithium pro-

cessing and proposed laser cutting as the preferred separation method. Although laser cutting 

of lithium was experimentally demonstrated by JANSEN ET AL. (2018), further scientific explo-

ration has been limited, with only a few patents addressing laser-based (BOCKSROCKER 2022) 

and mechanical (BEAUCHAMP & FUSEY 2020; SHANNON ET AL. 2020) cutting techniques. The 

laser experiments conducted as part of P3 expanded the parameter space beyond that of JANSEN 

ET AL. (2018), exploring a broader range of laser powers and pulse durations. The predominance 

of melt-based material removal observed by JANSEN ET AL. (2018) was confirmed, and the pro-

cess behavior was linked to findings on other metals with similar thermal properties (CATA-

LANO ET AL. 2018; DEMIR & PREVITALI 2014a). Explosive boiling at high pulse fluences 

(FISHBURN ET AL. 2006; PORNEALA & WILLIS 2009) was identified as the most effective mate-

rial removal mechanism, allowing for high cutting speeds but resulting in poor cut-edge quality 

due to the deposition of melt residues (see Figure 3.2).  

Thus, an ML-based computer vision method for the automated extraction of quality features 

from topographic laser cut-edge images was developed in P4. The comprehensive image pro-

cessing pipeline encompassed data preparation, model training, and the application of algo-

rithm-generated segmentation masks to compute quantitative metrics. Deep-learning computer 

vision, previously proposed for semantic segmentation tasks across the production (HARTL ET 

AL. 2019), laser (WANG ET AL. 2022), and battery (YANG ET AL. 2020a; YANG ET AL. 2020b) 
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domains, was applied for the first time to identify cut-edge features in battery production. More-

over, integrating segmentation masks with topographic data from LSM images introduced a 

novel image analysis approach.  

By combining process investigations in P3 with the automated determination of quality metrics 

in P4, RO2 was successfully met. 

Publication P5 

The critical influence of the surface condition of LMAs on their electrochemical performance 

is well-documented (OTTO ET AL. 2021b; STORELLI ET AL. 2021). However, existing techniques 

for removing surface contaminants have been primarily confined to laboratory settings 

(GIREAUD ET AL. 2006). Scalable approaches like sandblasting (WOLF ET AL. 2021) and calen-

dering (BECKING ET AL. 2017) rely on contact-based mechanical working principles. Similarly, 

techniques to increase the LMA surface area have been mainly based on mechanical embossing 

(PARK ET AL. 2016; PARK ET AL. 2018; RYOU ET AL. 2015).  

In contrast, P5 introduced a contactless laser-based surface treatment method that is reproduc-

ible, scalable, and suitable for automation. Implementing an ultrashort-pulsed laser assembly in 

an argon-filled glovebox micro-environment allowed lithium processing with reduced material 

degradation and safety risks compared to studies in dry air (JANSEN ET AL. 2018). Lithium foils 

with various topographic and chemical surface conditions were created using dedicated laser 

process designs inspired by the scientific literature on micro-structuring (HABEDANK ET 

AL. 2018a; MANGANG ET AL. 2016), micro-polishing (GIORGI ET AL. 2017; TEMMLER ET 

AL. 2020), and micro-cleaning (BOLSINGER ET AL. 2020; CHEN ET AL. 2021b; KHOSLA ET 

AL. 2023b) of other materials. The feasibility of pulsed laser radiation in achieving diverse sur-

face morphologies and reducing surface contaminants was confirmed through microscopic 

analyses, such as EDX depth profiling, as recommended by OTTO ET AL. (2021a). The modified 

LMAs demonstrated improved electrochemical performance in various cell configurations, 

which is in line with findings from alternative techniques for surface film removal, supporting 

the method’s efficacy (BECKING ET AL. 2017; WOLF ET AL. 2021). Finally, theoretic considera-

tions on the industrial application of laser surface treatment showcased its scalability by using 

commercially available laser equipment (BRINKMEIER ET AL. 2022; LOESCHNER ET AL. 2015) 

and its economic viability in LMA fabrication (SCHMUCH ET AL. 2018).  

Overall, the holistic approach in P5 successfully met RO3 by enabling and evaluating an inno-

vative laser surface treatment process for LMAs. 

Publications P6 and P7 

Initial process studies described in P6 explored the feasibility of using pulsed laser radiation for 

processing ceramic SEs. A patent by BADDING ET AL. (2019) proposing femto- to nanosecond 

laser pulse durations for machining ceramic SE layers served as a reference due to limited prior 

research. BADDING ET AL. (2019) suggested that multiple scanning cycles may be needed to 

separate SE layers, which highlighted the importance of optimizing the ablation efficiency. To 

this end, a semi-analytical modeling approach, traditionally applied for metals (FURMANSKI ET 

AL. 2007) (cf. Subsection 2.2.4), was adapted for ceramics. Reference data for similar ceramics, 

such as zirconium oxide (ZrO2), is sparse, with only a few benchmarks available (NEU-

ENSCHWANDER ET AL. 2013). Moreover, pulse burst effectiveness was evaluated, showing re-

duced ablation volumes compared to single pulses, likely due to shielding  
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effects (JAEGGI ET AL. 2017). These results contributed to the ambiguous scientific debate, as 

some studies reported improved ablation efficiencies with pulse bursts (KERSE ET AL. 2016; 

METZNER ET AL. 2022), while others observed the opposite (REMUND ET AL. 2020), depending 

on the inter- and intra-pulse frequencies and materials tested.  

In P7, picosecond-pulsed laser ablation of ceramic SEs was further examined with a particular 

focus on the interplay between ablation efficiency and surface quality, allowing comparisons 

with other ceramic processing studies, such as those by RUNG ET AL. (2022) and NARAZAKI ET 

AL. (2021). The advantages of using UV and green over IR laser radiation for ceramics pro-

cessing were analyzed in detail, expanding the state of the art (ACKERL & WEGENER 2019; 

NEUENSCHWANDER ET AL. 2013). A model by STROJ ET AL. (2021) was adopted to predict the 

groove geometry based on the gradually increasing irradiated surface area during laser pro-

cessing. Surface analyses revealed typical phenomena for ceramics processing, such as melt 

formation (BEN-YAKAR ET AL. 2007), crystallographic changes (ZHANG ET AL. 2019c), and mi-

cro-fracturing (SUN ET AL. 2016). Assuming a separator geometry from LIB production 

(GUENTER & WASSILIADIS 2022) helped to contextualize the laser metrics for structuring and 

cutting in ASSB production, ensuring practical relevance for industrial applications.  

Collectively, P6 and P7 provided insights into the process phenomena and scaling of ceramic 

SE machining, thereby effectively addressing RO4. 

Publications P8 and P9 

P8 focused on designing and manufacturing composite cathodes by creating pores in SE layers 

via laser ablation and then infiltrating them with CAM particles. While previous research on 

scaffold-based electrodes mainly targeted host structures for LMAs (ALEXANDER ET AL. 2023; 

HITZ ET AL. 2019), cathode fabrication has been less regarded due to the difficulty in achieving 

high pore-filling degrees and intimate interfacial contact (KIM & RUPP 2020). The subtractive 

approach in P8 enables the generation of pores with precise geometry and orientation, which 

facilitates slurry infiltration. Previously, XU ET AL. (2021) and YAN ET AL. (2022) have pro-

posed the laser patterning of ceramic SE layers to enhance the contact with LMAs. However, 

molten lithium easily fills scaffolds, whereas rigid CAM particles are limited to point contacts 

with ceramic SEs. This issue was addressed in P8 by incorporating a PE as an ion-conducting 

agent into the cathode slurry, as suggested by ZHANG ET AL. (2020a). While LLZO is the prev-

alent SE for scaffold-based electrodes (KIM & RUPP 2020; YI ET AL. 2020), LATP was chosen 

for its air stability and low density (cf. Subsection 2.1.3). Following WU ET AL. (2019c), a ma-

trix-supported PE membrane was employed as a protective interlayer to prevent adverse reac-

tions at the LATP–LMA interface. While models predict lower tortuosity for three-dimension-

ally-structured composite cathodes (CLAUSNITZER ET AL. 2024; SHEN ET AL. 2019), experi-

mental validations of the electrochemical impact of the cathode microstructure remain scarce. 

For instance, electrodes fabricated by freeze casting, the predominant alternative for creating 

scaffolds with directed channels (SHEN ET AL. 2019; SHEN ET AL. 2020), have yet to be thor-

oughly electrochemically evaluated. Thus, P8 was among the first studies to demonstrate the 

superior electrochemical performance of ASSBs featuring structured composite cathodes, con-

firming the utility of scaffold-based cathodes and introducing a novel cell design by combining 

concepts from existing literature.  

P9 followed up on the cell concept and process chain introduced in P8 by evaluating their tech-

nological potential. Laser ablation was compared with alternative scaffold manufacturing 
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methods, complementing research on garnet scaffolds by KRAVCHYK & KOVALENKO (2022). 

Additionally, P9 analyzed the specific energies and volumetric energy densities of scaffold-

based ASSBs, following a calculation methodology by BETZ ET AL. (2019). A review of exper-

imental literature on the boundary conditions and values of scaffold-based cell concepts served 

as a basis for computation. Thereby, the approach of ZHANG ET AL. (2023a), who based their 

model on the porosities of reported dense–porous LLZO membranes, was extended. Addition-

ally, the energy contents of various cell types were estimated, and the impact of key design 

parameters was explored in sensitivity analyses, connecting to related calculations on LLZO 

scaffolds by KRAVCHYK ET AL. (2021, 2022a).  

Ultimately, RO5 was achieved by fabricating scaffold-based cathodes, integrating these elec-

trodes into a corresponding cell concept, and evaluating the approach from product and process 

points of view. 

 

Figure 6.1:  This matrix categorizes P1 – P9 (boxes with bold border) within the research landscape, organized by 

fields of action and component types. Selected external research articles that are thematically related 

to this thesis are integrated. In each field, the publications are positioned vertically by publication date 

and horizontally by their focus on the process or product design. Patents are indicated by a star  

symbol (*). 
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6.2 Contribution to industrial practice  

Beyond the scientific contributions delineated in the previous section, this thesis has advanced 

the implementation of the investigated technologies in industrial practice. Ceramic ASSBs face 

substantial uncertainties due to the considerable changes required within the manufacturing se-

quences for new cell designs. Representing a departure from traditional LIBs, the production 

of the emerging ASSB technology demands a reassessment of current processes and a redesign 

of production equipment. Figure 6.2 illustrates how the researched laser techniques seamlessly 

integrate into LIB and ASSB process chains (cf. Subsection 2.1.6). Laser cutting represents a 

viable alternative for slitting and shaping, which are mandatory process steps for integrating 

ASSB components into specific cell formats. Meanwhile, laser-based surface modification 

methods function as drop-in solutions to enhance battery functionality.  

This section also presents a TRL analysis that outlines how contributions from P1 to P9 have 

advanced the technological maturity of the explored innovations. This systematic assessment 

assists stakeholders from the highly dynamic battery sector in making informed decisions re-

garding resource allocation for future development efforts (GREENWOOD ET AL. 2022). An 

adapted version of the classical seven-stage TRL scale by MANKINS (2009) was selected as the 

evaluation basis (see Figure 6.3, a). Thereby, descriptions of the individual stages from BROUS-

SEAU ET AL. (2009) with refinements by SCHINDLER (2015, pp. 54 – 58) served as references for 

classifying the status of the developed technologies. The selection of this maturity model from 

the diverse frameworks for technological assessment (GREENWOOD ET AL. 2022) is reasoned by 

the possibility of parallely contributing to multiple TRLs and its universal applicability to both 

products and processes.  

 

Figure 6.2:  This figure shows an excerpt of the process chains for lithium-ion batteries (LIBs) and oxide-ceramic 

all-solid-state batteries (ASSBs) introduced in Figure 2.5, adapted to the laser techniques elaborated 

in this work. An additional row for laser surface modification not included in the conventional process 

chains was integrated. Unconsidered process steps are blurred out for the sake of clarity. 
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The contributions of the individual publications to the technological maturity of the technolo-

gies analysed are classified in the following.  

Initially adopted in pilot production lines for its format flexibility, electrode laser cutting has 

progressed to serial production with an overall TRL of 6 to 7 (MICHAELIS ET AL. 2023, p. 90). 

In industry, nanosecond-pulsed laser beam sources are predominantly utilized, while alternative 

laser processes remain at the research stage. In P1, it was demonstrated that CW laser radiation 

achieves cutting speeds of several meters per second, approaching fine blanking throughput 

(JANSEN ET AL. 2019a). Accordingly, integrating such laser beam sources, along with adequate 

cutting strategies, has been incorporated into battery production roadmaps (MICHAELIS ET 

AL. 2023, p. 89). P1 mainly contributed to technology development at TRL 3 by comparing 

productivity and quality across various laser process types and strategies. 

Although electrode laser structuring has been well-studied in academia, it has yet to transition 

into industrial applications. A start-up company is currently advancing roll-to-roll laser struc-

turing of LIB anodes and has assigned this technology a TRL of 5, which indicates its emerging 

maturity (ARBOR BATTERIES 2024). Recent scholarly efforts have concentrated on production-

related aspects such as scalability (YAMADA ET AL. 2023; ZWAHR ET AL. 2023) and process in-

tegration (HILLE ET AL. 2023b), supporting the future integration of laser structuring into indus-

trial production lines. P2 demonstrated the pilot-scale production of LIBs with laser-structured 

anodes and consolidated their performance advantages through extensive electrochemical test-

ing, contributing to the achievement of the TRLs 4 and 5. 

Separating lithium electrode foils is a relatively new research area, yet several patents underline 

its industrial importance (BEAUCHAMP & FUSEY 2020; BOCKSROCKER 2022; SHANNON ET 

AL. 2020). P3 and P4 contributed to the early development stages (TRLs 2 − 3). The general 

feasibility of lithium laser cutting with nanosecond laser pulses was demonstrated in P3, ex-

tending basic research by JANSEN ET AL. (2018). Cutting speeds of more than 6 m ∙ s−1, well 

above typical values in LIB production, indicate industrial potential of the process. Moreover, 

the automated quality assessment methodology developed in P4 helps to select effective process 

parameters for minimal melt residues along the cut edges. In addition, the developed image 

processing pipeline is also suitable for inline applications due to its short execution times. 

Laser treatment was introduced as a novel method for improving the surface characteristics of 

LMAs. Due to the absence of preliminary work, the contributions within P5 advanced this tech-

nique to TRLs 1, 2, and 3. This progression involved developing the approach and setting up 

an atmospherically encapsulated demonstrator for lithium machining. Process studies con-

firmed the feasibility of laser micro-cleaning to remove superficial contaminations from LMAs, 

offering potential performance improvements for LMBs. Additionally, conceptualizing the in-

tegration of the process into roll-to-roll production scenarios and validating its scalability 

through theoretical calculations further emphasized the technology’s industrial promise. 

The laser cutting of SE layers commenced at TRL 1, with only a generic patent (BADDING ET 

AL. 2011) but no prior scientific studies or industrial data available. P6 validated the general 

suitability of laser radiation for ablating ceramic SEs and refined the process parameters by 

optimizing pulse fluences. The approach was further developed in P7 through extensive param-

eter studies and scalability proofs via model calculations. As a result, the scope covered by the 

studies spanned from TRL 1 to TRL 3. 
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Although laser ablation has already been employed to increase the SE–LMA interface (XU ET 

AL. 2021; YAN ET AL. 2022), using laser-structured SE layers to create three-dimensional com-

posite cathodes has not been documented, setting a TRL of 1 as the starting point. P8 outlined 

an innovative process chain for fabricating composite cathodes, incorporating SE layer micro-

structuring and CAM infiltration. The feasibility of the process chain was confirmed through 

empirical investigations that resulted in the production of ASSB prototypes. P9 complemented 

these experiments with theoretical considerations, contributing to the technology development 

(TRL 3) by defining the conditions for achieving competitive volumetric energy densities and 

specific energies. 

Figure 6.3 (b) depicts the TRL ranges of the contemplated technologies to which the investiga-

tions within this thesis contributed. 

 

Figure 6.3:  (a) The seven-stage technology readiness level (TRL) scale, as proposed by BROUSSEAU ET 

AL. (2009) and refined by SCHINDLER (2015, p. 57), is illustrated. The figure was adapted from  

MANKINS (2009). (b) The estimated contributions of the individual publications (P1 to P9) to the TRL 

ranges of the contemplated technologies are illustrated.
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7 Conclusive Summary and Perspectives 

Chapter 7 provides a conclusive summary of the thesis findings, consolidating key insights on 

laser micro-processing in LIB and ASSB production in Section 7.1. Moreover, Section 7.2 

highlights potential areas for subsequent research, paving the way for further advancements in 

battery and laser technology.  

7.1 Summary 

Compact and cost-effective energy storage is essential for achieving a sustainable society. Due 

to its well-balanced performance characteristics, the LIB is currently the dominant rechargeable 

electrical battery type. However, the growing demand for more powerful EVs is driving interest 

in innovative battery technologies that can surpass the limitations of current LIBs. Amongst 

these, ASSBs based on ceramic SEs are particularly promising, as they offer the potential for 

higher energy and power densities alongside enhanced safety features (cf. Subsection 2.1.1). 

Despite global efforts to position ASSBs as the future of electrochemical energy storage, their 

commercialization encounters significant challenges in performance and production scale-up. 

Overcoming these obstacles requires integrating production engineering with research in mate-

rial, chemical, and physical sciences, as manufacturing ceramic ASSBs will likely demand fun-

damental alterations to established battery production chains (cf. Subsection 2.1.6). Non-con-

tact laser-based production methods can be instrumental in this transition. In particular, laser 

micro-processing (cf. Subsection 2.2.4), already utilized for cutting and surface modification in 

LIB manufacturing, emerges as a promising method for processing sensitive ASSB compo-

nents.  

This thesis work tested the transferability of laser-based separation (cf. Section 3.1) and surface 

modification (cf. Section 3.2) techniques to next-generation battery fabrication, aiming to ena-

ble the efficient production of high-performance ASSBs. Following the DRM framework, an 

explorative research approach was used to identify feasible laser micro-processing methods for 

machining ASSB components and assess their utility. Besides considerations on the design, 

integration, and scalability of the contemplated processes, the resulting product characteristics 

were studied (cf. RQ1 – RQ3, Section 1.2). To address existing research deficiencies 

(cf. RG1 – RG5, Section 3.3), the GTO of identifying the potential of laser micro-processing 

techniques to produce and functionally enhance ceramic ASSBs featuring a lithium metal anode 

was specified during the RC phase within five ROs (cf. Section 4.1): 

• Assessment of laser micro-processing techniques in lithium-ion battery production 

• Quality-controlled laser cutting of lithium substrates 

• Laser-based surface reconditioning of lithium metal anodes 

• Efficient laser ablation of ceramic solid electrolytes  

• Manufacturing of scaffold-based composite cathodes  

The ROs outlined were addressed in nine peer-reviewed publications, detailed in Chapter 5. 



 

102 7  Conclusive Summary and Perspectives 

 

In the initial phase of the PS, the status of laser micro-processing in LIB production was as-

sessed to establish a baseline for transferring laser technologies to ASSB fabrication (cf. Sec-

tion 5.1). Two publications evaluated the current technological capabilities of electrode laser 

cutting (cf. P1) and structuring (cf. P2). Empirical investigations revealed that ultrashort-pulsed 

and CW laser methods offer viable alternatives to the industrially established short-pulsed laser 

cutting, depending on the preferred balance between cut-edge quality and process velocities 

and rates. Moreover, multi-layer LIBs with laser-structured anodes were manufactured on a 

pilot-scale production line to facilitate comprehensive electrochemical testing. Demonstrated 

benefits of the modified LIBs included faster charging and discharging, enhanced low-temper-

ature performance, extended lifetime, and reduced safety-critical lithium plating.  

Drawing on the insights obtained from LIB production, the main part of the PS concentrated on 

adapting laser micro-processing techniques for fabricating ASSBs (cf. Section 5.2). As critical 

ASSB components, LMAs and ceramic SE layers were analyzed from processing and product 

perspectives. Separating lithium foils with nanosecond-pulsed laser radiation achieved high 

cutting speeds, though melt bulge formation along the cut edge was inevitable within the con-

templated parameter range (cf. P3). For this reason, an image-based ML approach was devel-

oped to automatically evaluate the cut-edge quality, facilitating process design and quality con-

trol (cf. P4). Laser surface treatment was proposed for removing surface contaminations from 

LMAs and tested using a custom-designed laser unit under an argon environment (cf. P5). Ul-

trashort laser pulses were utilized to alter the electrode surface morphology and chemistry, re-

ducing the interfacial resistances in batteries with LEs and SEs. Model calculations underlined 

the roll-to-roll capability and economic viability of the approach, forming the basis for its po-

tential integration with complementary interfacial modification methods.  

The thermal sensitivity of ceramic SE layers necessitates using ultrashort laser pulses for their 

processing. A semi-analytical model for ablation efficiency optimization was implemented to 

overcome scaling challenges (cf. P6). The impact of the laser process design on the resulting 

surface quality and material removal metrics was experimentally assessed (cf. P7). While pulse 

bursts yielded no improvements, visible-wavelenght radiation proved beneficial from quality 

and efficiency standpoints due to its concentrated energy deposition and enhanced absorption 

by ceramics. Laser ablation was employed to form ceramic SE scaffolds with tailored micro-

structures to create composite cathodes with close interfacial contact between the SE and the 

CAM (cf. P8). Orienting the pores perpendicular to the SE layer surface facilitated high CAM 

infiltration levels while reducing electrode tortuosity. Integrating scaffold-based composite 

cathodes into prototype ASSBs enabled their electrochemical characterization, demonstrating 

the concept’s functionality. A review-based technological assessment compared the developed 

process chain to alternative fabrication methods (cf. P9). Lastly, a calculation model for ceramic 

ASSBs underscored the commercial potential of scaffold-based composite cathodes, identify-

ing critical factors for achieving high specific energies and energy densities. 

The DS-II categorized the examined techniques within the research landscape (cf. Section 6.1) 

and evaluated their technological maturity (cf. Section 6.2). Overall, this thesis’s findings hold 

relevance for both industry and academia, enriching scholarly knowledge in the battery and 

laser realms and aiding the transfer of innovative production methods into practical application. 
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7.2 Future research avenues 

The findings from P1 to P9 (cf. Chapter 5), supplemented by related scholarly work (cf. Sec-

tion 6.1), established a solid foundation for future research in laser micro-processing applica-

tions within ASSB production. Amongst others, the scientific results formed the basis for the 

successful approval of the ProHybrid 107 research project, which incorporates essential concepts 

presented in this thesis. Continuing research is needed to further advance the technological ma-

turity of the discussed technologies for industrial application (cf. Section 6.2). This section 

highlights promising yet unexplored research avenues in the laser and battery domains consid-

ering both process- and product-related aspects.  

Process perspective: Research recommendations for the laser sector 

Replacing short with ultrashort laser pulses could significantly improve the cut-edge quality of 

LIB electrodes (ZHANG ET AL. 2019a). However, demonstrating competitive cutting speeds and 

rates is crucial for integrating such technologies into industrial settings. Thus, high-power pi-

cosecond beam sources combined with fast scanning units are essential for achieving adequate 

throughputs (BRINKMEIER ET AL. 2022). Enhancing the ablation efficiency through pulse bursts, 

as proposed for electrode laser structuring (HILLE ET AL. 2023c), is another favorable approach. 

Achieving roll-to-roll capability in electrode laser structuring with throughputs of up to 100 m ∙

min−1 (KWADE ET AL. 2018) presents a technical challenge, demanding precise synchroniza-

tion of pulse emission, beam deflection, and electrode feed (HABEDANK ET AL. 2020), along 

with innovative approaches such as muli-beam processing (GEIGER ET AL. 2024). 

To restrict melt formation during the laser cutting of LMAs, the effects of ultrashort laser pulses 

in the pico- and femtosecond ranges shall be investigated. Moreover, the processing of lithium 

coatings on substrate foils, as required in various battery applications, shall be tested, involving 

the joint processing of layers with differing thermal properties. Although initial studies ad-

dressed these topics (KRIEGLER ET AL. 2023c), further exploration is needed. Insights gained 

from processing lithium could be applicable to other metals with similar properties, such as 

sodium, which exhibits high moisture sensitivity and a low melting point (ZHAO ET AL. 2018).  

The increasing availability of thin ceramic SE substrates will facilitate more detailed investiga-

tions into their laser processing. Building on extensive parameter studies outlined in P6 and P7, 

further research should explore how component properties, such as the bulk porosity, influence 

the processing behavior. Depending on the intended production chain (cf. Subsection 2.1.6), 

insights from the laser cutting of SE layers could be extended to machining composite cathodes 

or multi-layer separator–cathode compounds. Moreover, adopting innovative laser-based cut-

ting techniques like laser stealth dicing108 (GAUDIUSO ET AL. 2020) could enhance throughput 

in layer separation. Furthermore, the impact of cut-edge quality on the mechanical properties 

of SE layers is vital for their processability and should be considered (BADDING ET AL. 2011). 

Finally, comparing the processing of components composed by other SE types, such as sulfides, 

will enable to assess how different materials impact the process chain (WACH ET AL. 2024). 

 
107 The ProHybrid project (German: Produktionstechnik fuer hybride Festkoerperbatterien mit Lithium-Metall-Anode; Eng-

lish: Production technology for hybrid all-solid-state batteries with lithium metal anode) received funding from the German 

Federal Ministry of Education and Research under grant number 03XP0580. 
108 Laser stealth dicing, as used in wafer production, involves focusing a laser beam beneath the surface of a workpiece to 

induce internal material modifications, followed by external stress application to achieve debris-free separation (GAUDIUSO ET 

AL. 2020). 
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Product perspective: Research recommendations for the battery sector 

Knowing the influence of cut-edge characteristics on the battery performance and quality is 

crucial for laser-based cutting applications. While initial studies exist for LIBs (CARBONARI ET 

AL. 2020; JANSEN ET AL. 2019b), similar publications for ASSBs are lacking. The theoretical 

concepts on the impact of the cut-edge quality of LMAs (see Figure 3.2) and SE layers 

(see Figure 3.3) on the characteristics of ASSBs could guide targeted experimental 

investigations if the reproducible production and testing of ASSBs can be ensured. 

Additionally, refining the ML-based method introduced in P4 could enhance the detection of 

quality characteristics and ensure inline capability by optimizing sensor technology and 

computational time. 

Industrial adoption of electrode laser structuring remains limited despite the electrochemical 

advantages validated beyond this thesis (CHEN ET AL. 2020) and continued progress in process 

integration and design (HILLE ET AL. 2023b; YAMADA ET AL. 2023). Addressing concerns over 

ablation residues, understanding the effect of quality defects, and avoiding particle deposits by 

qualifying suction systems and detection units require further attention. Contextualizing laser-

based electrode modification with alternative processes for tortuosity reduction could provide 

realistic application scenarios (LAURO ET AL. 2023). HILLE ET AL. (2024) recently conducted a 

pilot study comparing laser-based and mechanical electrode structuring methods in this context.  

RYOO ET AL. (2023) recently underscored the potential of laser-assisted interfacial engineering 

in enhancing ASSB functionality, a core hypothesis of this dissertation. The effectiveness of 

the laser-based removal of surface contaminants from LMAs should be assessed by employing 

advanced characterization techniques such as XPS (OTTO ET AL. 2021a). Quantifying contami-

nation layer reformation and integrating laser modification with customized artificial protection 

layers could expand the technique’s applicability (DELAPORTE ET AL. 2019). Extending laser 

surface treatment to other battery components, as initiated by CHEN ET AL. (2021b) by removing 

Li2CO3 from LLZO layers, is also promising. Additionally, investigating the impact of laser-

induced surface roughening (PARK ET AL. 2018; RYOU ET AL. 2015) or smoothing (GIREAUD ET 

AL. 2006) on lithium plating and stripping may reveal levers for improving LMBs.  

The novel laser ablation method for creating ceramic SE scaffolds offers structural design 

flexibility but involves material losses due to its subtractive nature. Combining laser ablation 

(cf. Subsection 5.2.6) with conventional techniques like the degassing of pore formers (HITZ ET 

AL. 2019) could enhance the economic efficiency of the approach. Adding directed pores to SE 

substrates with an existing pore network may ease their infiltration and shorten ion transport 

pathways. Complementing experimental approaches with electrochemical simulations is 

required to optimize the microstructural design of composite cathodes (BIELEFELD ET AL. 2022; 

CLAUSNITZER ET AL. 2024), also considering PEs as ion-conducting additives (SCHELLER ET 

AL. 2024). To enhance the energy content of scaffold-based ASSBs, research-grade CAMs like 

sulfur can be infiltrated (HITZ ET AL. 2019). Laser ablation may also be applied to pattern the 

SE–anode interface (XU ET AL. 2021), leveraging its capability to create accurate surface 

morphologies for the minute estimation of effective current densities (ZHANG ET AL. 2024).  

Though this thesis focused on transferring laser micro-processing from LIB to ASSB produc-

tion, the techniques discussed also hold potential for the production of upcoming battery tech-

nologies, such as lithium–sulfur and lithium–air batteries, as these chemistries mature (BRUCE 
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ET AL. 2011; DUFFNER ET AL. 2021b; VARZI ET AL. 2020). This broad application potential un-

derscores the significance of laser-based processes for future battery development. 

To conclude, this thesis has established a foundational understanding of laser micro-processing 

for ceramic ASSB fabrication, paving the way for subsequent research in battery and laser tech-

nology. The findings contribute to the development and production of cost-effective and pow-

erful next-generation batteries, supporting the transition to a more sustainable future.  
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Appendix 

A. List of supervised student research projects 

Several student research projects contributed to the author’s research activities, and their results 

have been integrated into the present dissertation (see Table A.1). The student research projects 

were performed at the Institute for Machine Tools and Industrial Management (iwb) of the 

Technical University of Munich (TUM). The author supervised the students in terms of research 

methodology, problem statement, objectives, and approach, along with the interpretation and 

documentation of the results in a scientific manner.  

The author extends sincere gratitude to all supervised students for their valuable contributions 

to this work. 

Table A.1:  The table summarizes the 21 supervised student research projects in chronological order of comple-

tion and contains the English title, the language of the written documentation, and the submission date 

of the student research project.  

Student name Type English title  
(original or translated from German) 

Language Submission 
date 

Wernoth, F. Master’s  

thesis 

Effects of Material Changes and Innovative Bat-

tery Cell Technologies on the Quality Manage-

ment System of a Battery Production Line 

German 09/27/2019 

Forster, F. Master’s  

thesis 

Laser Cutting Processes for the Production of 

All-Solid-State Batteries 

German 10/31/2019 

Binzer, M. Bachelor’s  

thesis 

Laser Cutting of Electrodes in Lithium-Ion  

Battery Production 

German 11/08/2019 

Rauch, F.  Master’s  

thesis 

Characterization of Novel Materials for Lithium-

Ion Batteries in the Production Environment 

German 11/15/2019 

Lechner, M. Semester  

thesis 

Potential Analysis of All-Solid-State Batteries 

Regarding Possible Fields of Application 

German 12/01/2019 

Maurer, M. Bachelor’s  

thesis 

Production and Analysis of Polymeric Solid 

Electrolytes for Application as Protective Layers 

in All-Solid-State Batteries  

German 07/03/2020 

Mosler, K. Semester  

thesis 

Empirical Process Investigation and Develop-

ment for Laser Cutting of Lithium Metal in the 

Production of Solid-State Batteries 

German 08/14/2020 

Schubert, N. Semester  

thesis 

Empirical Process Investigation and Develop-

ment for Laser Cutting of Oxide Solid Electro-

lytes in All-Solid-State Battery Production 

German 09/01/2020 

Khaydarov, Y. Bachelor’s  

thesis 

Process Investigation on Laser Cutting of  

Polymer-Based Components in the Production 

of All-Solid-State Batteries 

English 01/01/2021 
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Modeling of Thermal Energy Input During Laser  

Cutting of Ceramic Solid Electrolytes in Battery 
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Nguyen, M. D. Bachelor’s  
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Machine Learning 
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Micro-scopy Images by Using Artificial Neural 
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Wach, L. Master’s  
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Liu, T. Master’s  
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Jaimez-Farn-
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Master’s  
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Design and Production of Three-Dimensionally-
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