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SUMMARY 

 

Process chains are regarded as viable manufacturing platforms for the production of Micro 

and Nano Technology (MNT) enabled products. In particular, by combining several 

manufacturing technologies, each utilised in its optimal process window, they could benefit 

from the unique advantages of high-profile research technologies such as the focused ion 

beam (FIB) machining.  

 

The present work concerns the development of process chains and the investigation of pilot 

cost-effective implementations of the FIB technology in manufacturing platforms for 

fabrication of serial replication masters. Thus, Chapter 2 contains the background for this 

research providing overview and critical discussion of the different manufacturing 

technologies and the specific features and advantages of the FIB technology. 

 

Chapter 3 presents a novel process chain for fabrication of replication masters for serial 

manufacture. The proposed process chain is validated for serial fabrication of organic 

electronic devices on flexible substrates. The advantages and limitations of the component 

technologies in the proposed manufacturing route are discussed and their interdependencies in 

a process chain for producing both nano- and micro- structures are analysed. In particular, the 

successful implementation of the FIB technology into high-throughput manufacturing routes 

is investigated.  

 

Chapter 4 develops further the process chain proposed in Chapter 3 and justifies the utilisation 

of FIB milling in a cost effective route for serial fabrication of 3D structures and the 

achievement of function and length scale integration (FLSI) in products. A complex 3D 
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functional pattern is designed and then used to validate this route for serial manufacture of 

component that integrates micro and nano scale functional features. The produced replication 

tool is utilised for the hot embossing of structures incorporating different 2.5D and 3D length-

scale features.  

 

To improve the 3D layer-based FIB milling process it is necessary to address the obtainable 

accuracy in “z” direction. For this reason, in Chapter 5 a methodology for depth estimation in 

FIB machining is developed and validated. The layer thickness variations are investigated 

with regard to exposure parameters in layer-based FIB milling of 3D features. The 

methodology is verified by FIB machining of functional 3D features, which depths/heights 

fall within predetermined tolerance intervals. The proposed generic methodology represents 

an important step in broadening the use of this technology for micro and nano structuring. 

 

Chapter 6 investigates the behaviour of several amorphous materials suitable for fabricating 

serial replication masters by FIB milling. The main focus is on depth estimation in FIB 

machining as a major factor affecting the process accuracy. The objective was to derive 

material related constants for estimating the obtainable depth and total machining time 

relative to Si for a given material. The layer thickness methodology developed in Chapter 5 is 

applied as a basis for deriving these constants. The results are discussed in regard to the 

materials’ response to ion sputtering. The constants are verified by simulating the FIB milling 

of complex 3D structures in the investigated materials and then comparing the resulting 

profiles to those obtained experimentally after FIB milling. 

 

Finally, in Chapter 7 the main findings of this research are identified and the results of each of 

the investigations are summarized. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1  Motivation  

Most of the improved functionality of advanced mobile phones, data storage devices, 

holograms for data protection, micro fluidic mixers or medical implant stencils 

nowadays is based on the development and serial manufacturing of Micro and Nano 

Technology (MNT) enabled products. Such products are indispensable part of our 

everyday life – from electronic devices and communication technologies to medicine 

and airspace. The high-throughput mass production of most of the non-electronic 

micro-components is achieved by the use of serial replication technologies like micro 

injection moulding, hot embossing, imprinting and their different variations. The 

continuous market demand for improved products integrating more and more 

functions into a unit product of constantly decreasing size and weight had raised the 

requirements towards MNT in terms of process capabilities, production time and cost. 

Thus, innovative manufacturing solutions to meet the constant demand for better and 

more sophisticated products are the focus of industry and research community efforts.  

 

Lately the notion of combining several manufacturing technologies, each utilised in 

its optimal process window, is increasingly attracting the attention of industry and 

researchers. The implementation of such process chains is especially viable in the 

field of master making where along with the strict requirements in terms of surface 
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structuring, surface roughness, aspect ratio etc., tool qualities like robustness, wear 

resistance and long life time also have to be guaranteed. 

 

However, due to issues posed by compatibility and complementarity of integrated 

processes, error factors at every stage of these process chains and the diversity of 

fabrication technologies available the development and cost-effective implementation 

of such process chains is not a straightforward task. Especially, further research is 

required with the aim to increase the throughput and robustness of existing and new 

emerging manufacturing routes.  

 

Meanwhile, the design and implementation of novel process chains as manufacturing 

platforms for mass production could benefit from the technology advances which are 

already utilised in laboratories and are also characterised in pilot research 

applications. Such technologies offer unique advantages but their implementation in 

‘single-process’ fabrication solutions (Dimov et al., 2006) is limited due to their low 

throughput or high processing times. One such technology is the focused ion beam 

(FIB). It is regarded as not viable for serial production when utilised on its own due to 

shortcomings like high machining times, small working areas and high production 

cost. At the same time, advantages like precise patterning with resolution down to 

tens of nm, capability to machine virtually any material, process flexibility and ability 

to structure complex 3D features in both micron and sub-micron and nano 

dimensional ranges, and ultimately offering capabilities for length-scale integration, 

could make FIB machining an indispensable part of manufacturing routes aiming at 

achieving function and length scale integration (FLSI) into a single component and 

products.  
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This research is dedicated to the development of such manufacturing routes and in 

particular to the investigation of pilot cost-effective implementations of the FIB 

technology in process chains for fabrication of serial replication masters. 

 

1.2  Research Objectives  

The overall aim of this research was to investigate the cost-effective implementation 

of the FIB technology in serial production as a component technology in process 

chains for manufacturing of replication masters. Since both process chain 

development and FIB milling are broad research and development areas with many 

open research issues and different development trends, this work is focused only on 

some of these important research topics. Especially, some open issues related to the 

use of the FIB technology for 3D micro and nano structuring are addressed in this 

research with the objective to create the necessary pre-requisites for its successful and 

cost-effective integration into master-making process chains. Thus, the following 

main research topics are the focus of this work:  

• development and validation of cost-effective process chains for fabrication of 

replication tool incorporating the FIB milling as a component technology; 

• cost-effective production of complex 3D features of different length scale 

dimensions onto a single component; 

• accurate depth estimation in layer-based FIB milling; 

• the machining response of different master-making materials during layer-

based FIB milling. 
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After identifying the factors affecting the FIB milling process and its effective 

integration with other complementary micro and nano structuring technologies, 

empirical and analytical methods and tools were applied for the validation of the 

concepts and manufacturing solutions developed in this research.  Further to this, a 

process simulation was performed employing software tools based on specific ion 

sputtering models, to verify and support the findings and results related to the FIB 

milling research. In addition, process monitoring and control as well as alignment 

techniques were utilised to guarantee the process stability and positional accuracy 

during both the consecutive application of different component technologies in 

process chains and the structuring of different length scale features on the same area 

of a workpiece. Thus, to achieve the overall aims of this research the following 

objectives were set: 

• To develop a cost-effective multiple-process manufacturing platform for 

production of masters for serial replication containing micron and sub-micron 

features which implements the FIB machining as a component technology. 

Also, to assess the error factors at each stage of such chains and their possible 

impact on the overall effectiveness and to validate the chains for serial 

replication, e.g. for roll to roll (R2R) hot embossing. 

• To validate multiple-process manufacturing platforms, where the advantages 

of FIB machining for structuring precisely complex 3D features of micron, 

submicron and nano- dimensions are utilised for producing replication masters 

incorporating different length scale features. Also, to analyse the resulting 

structures throughout the different stages of the process chains to the final 

product and perform an uncertainty analysis.  
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• To develop a methodology for depth prediction during layer-based FIB 

milling, as a mean for a depth control, and validate it for the production of 

complex 3D structures. Special attention should be paid to the factors affecting 

the process uncertainty and the selection and optimisation of the sets of 

process parameters used. 

• To investigate the response to FIB machining of different materials suitable 

for producing replication tools, especially amorphous and single crystal ones, 

and determine the milling rate achievable on them. Thus, to estimate 

accurately the obtainable depth and total machining time when producing 

micro and nano structures on such materials.  

 

To achieve the objectives of this research analytical investigation of the FIB milling 

technology is carried out employing empirical studies as well as process simulation. 

Results from each experimental run are analysed and the effects of the investigated 

factors on the process performance and/or the overall effectiveness of the applied 

sequence of processes are discussed and assessed. Furthermore, recommendations are 

made on how to optimise process performance thus addressing the research concerns 

outlined in this section. 

 

1.3  Thesis Organisation 

The thesis consists of seven chapters. The main investigations of the research are 

presented in Chapters 3 to 6, while Chapters 2 and 7 are a literature review and 

summary of the made contributions to knowledge, respectively. 
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Chapter 2 provides the background for the research carried out in this thesis. This 

chapter consists of three main sections. In the first section, the concept and the need 

for process chains are presented and critically analysed. Also, the implementation of a 

wide variety of manufacturing processes as component technologies in process chains 

is described and discussed. The second section provides a review of the FIB 

technology outlining the specific advantages that this process offers when utilised in 

its optimal process window. In the third section the concepts investigated in this 

research are summarised and its specific focus is described. 

 

In Chapter 3 the design and validation of a novel master-making process chain for 

serial replication of large area electronic devices on flexible substrates is presented. 

The chapter starts with description of the main concept of the proposed process chain 

and detailed analysis of the process chain design specific features and component 

technologies. Then, the experimental set-up for realization of the proposed process 

chain, including the design of the test device and process conditions for each 

technology, as well as measuring and inspection of the produced structures at each 

stage of the process chain is described. Finally, the obtained results after each stage of 

this process chain and the end product are critically analysed and assessed to validate 

the proposed manufacturing route. In addition, possible error factors that could affect 

each of the component technologies as well as the end product are discussed and 

conclusions are made about their influence on the overall performance of the 

proposed process chain. 

 

In Chapter 4 develops further the concept proposed in Chapter 3 for fabrication of 

replication masters with a special focus on achieving 3D function and length scale 
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integration in a single component. The advantages that the FIB technology offers in 

regard to high-resolution 3D structuring are discussed as an integral part of the 

proposed master making process chains. Also, a special attention is paid to the pattern 

preparation approaches. Then, the multiplication of a given pattern over large areas 

and the successful transfer of the complex 3D geometries onto replication tools are 

investigated. Finally, the resulting 3D profiles at different stages of the considered 

process chain are studied and the factors affecting its overall performance are 

analysed.  

 

Chapter 5 addresses the FIB machining issues with regards to achievable depth and its 

estimation. In particular, a methodology for depth estimation in layer-based FIB 

milling is developed and validated empirically for exposures with particular sets of 

process parameters for a given material. Experiments are designed and performed 

with the selected sets of parameters to account for several process factors affecting the 

FIB milling technology. Then, the obtained results are critically analysed to assess the 

process uncertainty and define tolerance intervals for any calculated layer depths. 

Finally, the methodology is validated by FIB machining of complex 3D features.   

 

Chapter 6 investigates the behaviour of several amorphous materials suitable for 

fabricating serial replication masters by FIB milling. The main focus is on depth 

estimation in FIB machining as a major factor affecting the process accuracy. 

Material specific constants are derived for estimating the milling rates, and thus the 

obtainable depth and total machining time relative to Si for the considered materials. 

A layer thickness methodology is applied as a basis for deriving these constants. The 

results are discussed in regard to the materials’ specific responses to ion sputtering. 
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The empirical constants are verified by simulating FIB milling of complex 3D 

structures in the investigated materials and then comparing the resulting profiles to 

those obtained experimentally after FIB milling.  

 

In Chapter 7 the generic conclusions of this work are summarised. Based on them the 

main contributions to knowledge are presented and some possible directions for 

further investigations are discussed.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

In this chapter a review of the capabilities and possible implementations of the FIB 

technology into cost-effective master-making process chains is presented. It consists 

of three main sections covering the state-of-the-art of the main topics addressed by 

this research and also discusses the open research issues associated with them. In the 

first section the implementation of process chains for the fabrication of products 

integrating micro and nano-scale features is discussed. Then, the second section 

provides a review the FIB technology and a discussion on the advantages that it offers 

with regard to its integration in process chains for achieving length-scale integration 

in products. Next, a summary of the open research issues and the put forward 

concepts to address them in this research are presented.   

 

2.1 Process chains in micro- and nano- manufacturing 

2.1.1 Concept of process chains 

In the last decade, manufacturing industry has witnessed a rapid increase in demand 

for micro-products and micro-components in many industrial sectors including the 

electronics, optics, medical, biotechnology and automotive sectors (Alting et al., 

2003; Hansen et al., 2006). Examples of applications include medical implants, drug 

delivery systems, diagnostic devices, connectors, switches, micro-reactors, micro-

engines, micro-pumps and printing heads. These microsystem-based products 

represent key value-adding elements for many companies and, thus, an important 
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contributor to a sustainable economy (Dimov et al., 2006). As a result of the current 

trend towards product miniaturisation, there is a demand for advances in micro- and 

nano-manufacturing technologies and their integration in new manufacturing 

platforms. In this research, the definitions for micro- and nano-manufacturing are 

adopted from Madou (Madou, 2002). More specifically, micro-manufacturing refers 

to the fabrication of products or components where the dimensions of at least one 

feature are in the micrometre range. Similarly, nano-manufacturing refers to the 

production of devices where some of the dimensions are in the nanometre range. 

Usually a combination of technologies, in the form of a process chain, is necessary to 

achieve a high throughput and cost-effective production of micro-components and 

devices incorporating micro/nano features and surfaces. As a result, there is a trend to 

move from designing miniaturised products for specific materials and technologies to 

designing processes and process chains to satisfy the specific functional and technical 

requirements of emerging multi-material products. In turn, to develop new enabling 

process chains and new manufacturing platforms based on them, it is necessary to 

characterise the “component” technologies and pay special attention to their interfaces 

and thus to achieve the necessary compatibility and complementarity between them. 

The integration of micro- and nano- technologies in new manufacturing platforms 

also referred to as process chain development, usually targets two very significant 

objectives (Brousseau et al., 2009):   

1. to enable both function integration (incorporation of different functions) and 

length- scale integration (combination of macro-, micro-, sub-micron and 

nano- dimensions) in existing and new products, and 

2. to provide for the cost-effective manufacture of such products in a wide range 

of materials. 
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The importance of meeting these two requirements is discussed in further detail in the 

following sub-sections. 

 

2.1.2 Function and Length Scale Integration 

In recent years the trend towards product miniaturisation, together with the 

advantages that the integration of multiple functions into a single component could 

bring, “fuelled” the interest in developing manufacturing solutions for producing 

features/structures with dimensions ranging from millimetre to nanometre scales onto 

a single product (Velkova et al., 2011). In this study it is referred to as a trend towards 

and/or respective manufacturing routes for achieving Function and Length Scale 

Integration (FLSI) in products.  

 

FLSI is a product development approach that offers many advantages such as 

reduction of production cost and time, as well as products’ overall dimensions (Bigot 

et al., 2009). The methods for achieving FLSI can be classified into three main types: 

assembly, single process machining/structuring and multi-process fabrication of a 

single component. However, the successful implementation of FLSI arises very 

specific issues that can be summarized (Bigot et al., 2009) in two main streams: 

 

Assembly related issues 

Assembly is a key stage in the fabrication of a product, which may require the use of 

various processes to integrate parts manufactured separately due to different technical 

reasons, e.g. complexity, capabilities and/or incompatibility of the available 

manufacturing processes (Hansen et al., 2005). The cost and reliability of bonding 

techniques used when dealing with micro components, as well as the dimensional 
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accuracy of the parts to be assembled are of particular concern. The assembly related 

issues can further be subdivided into issues related to (1) macro-meso scale assembly 

and (2) micro-nano scale assembly. 

 

• macro-meso scale assembly 

Macro-meso scale assembly is a common problem for many “micro-products”, which 

are often made of macro-meso components containing micro-nano functional features. 

Thus, the assembly itself might not occur at micro-nano scale but at the macro-meso 

scale. Standard macro assembly methods such as mechanical fastening, welding and 

gluing can generally be employed for macro-meso scale tasks. Their implementation 

even for single-scale dimensions’ products poses significant issues related to handling 

and transportation of components during assembly (Eriksson et al., 2006). In addition, 

the presence of micro-nano features increases the complexity of the assembly 

operations that have to be designed carefully to avoid damage or contamination of 

such intricate structures. Furthermore, the choice of materials for micro-nano 

structuring is often limited which can lead to incompatibilities between the materials 

to be bonded. In addition, tighter tolerances may be required in order to perform 

reliably macro-meso scale assembly operations in order to ensure a proper function 

interaction between structures with different length scale features. 

 

• micro-nano scale assembly 

In the case of products having dimensions too small to be manipulated with standard 

handling systems, new issues arise. In addition to the issue of high precision and 

positional accuracy requirements for the handling systems, there are different forces 

acting on components due to scale effects, e.g. electrostatic, Van der Waals and 
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surface tension forces that become dominant over gravitational forces (Danchev and 

Kostadinov, 2006). Those phenomena have to be taken into account when applying 

micro-nano assembly technologies such as bonding. There are many bonding methods 

such as welding, adhesive, diffusion or soldering (Tsuchiya et al., 1999). 

 

Some micro components can be picked and placed manually by highly skilled 

operators using high power microscopes and micro-tweezers (Van Brussel et al, 

2000). With the introduction of virtual reality techniques to aid in preparing and 

visualising the assembly solutions prior to physical conception, manual operations can 

be considerably improved. However, one intrinsic drawback of manual operations is 

the loss of direct hand-eye coordination. Manual assembly remains difficult, time 

consuming and therefore very expensive (Cecil et al., 2007).  

 

Automatic assembly and handling of micro components are required in high 

throughput production systems but there are no established generic approaches. To 

find solutions for specific products, designers can only rely on latest surveys of the 

micro assembly techniques available and adapt them to the problems at hand (Cecil et 

al., 2007).  

 

Finally, one of the latest types of micro-assembly technology is called self-assembly. 

It can be defined as a process by which two or more separate and relatively simple 

components are oriented to one another to form a functional entity, without 

interference or external handling (Srinivasan et al., 2002). Self-assembly technologies 

have the potential to automate the handling and integration of sub-micron 

components.  
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Multi-scale machining related issues 

For various economical and technical reasons assembly steps should generally be 

avoided. It is always more cost effective to achieve the required functionality as early 

as possible in the production lines, thus simplifying any assembly steps if not possible 

to eliminate them at all. In the attempts to avoid assembly operations, the 

implementation of a chain of multiple processes working on a single component is 

becoming a preferred option. However, there are a number of issues to this approach 

as well, related to the use of (1) a single manufacturing process or (2) a sequence of 

processes, to produce the functional features cost-effectively (Bigot et al., 2009).  

 

• single process length scale issues 

In an attempt to minimise the number of processes used in a chain and therefore the 

overall production time and cost, a single step process can be applied to achieve the 

necessary FLSI. Such a solution, however, requires significant research and 

development (R&D) efforts to implement in scale-up manufacture. ‘’Design for 

manufacture’’ approaches in designing the products are usually needed to account for 

the specific manufacturing constraints of the selected high-throughput technologies. 

Also, due to the difference in sizes, various features might require different levels of 

process control in order to achieve a correct output. Thus, optimising part design and 

process parameters becomes increasingly challenging. In addition, the machine setup 

must allow for an accurate positioning of the workpiece in order to achieve the 

necessary repeatability when producing batches of components.  

 

• multiple process length scale issues 
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It is often the case that a single process is not sufficient to machine a range of 

functional features with different dimensions in a given material. Therefore, it is 

necessary to apply consecutively two or more complementary manufacturing 

technologies in a chain to achieve the necessary FLSI. By opting for process chains, 

integration issues arise in achieving the necessary dimensional accuracy between 

functional features produced using multiple machine setups due to handling, 

alignment and referencing errors. The most common problem when employing 

several manufacturing technologies in sequence is related to alignment difficulties 

(Bigot et al., 2009). Alignment marks have to be considered at early stages of 

component design and the use of very accurate vision and measuring equipment 

would often be necessary to produce micro- and nano- features on a single 

component. 

 

The concept of process chains is that, when chains of processes are employed the 

objective is to use each technology integrated in them in its most cost-effective 

processing window. Another type of integration issue that may arise is associated with 

the compatibility of the subsequent processes. It involves mainly the aspects related to 

material properties and resulting surface integrity after machining employing different 

physical phenomena. Therefore, a process chain for the manufacturing of multi-scale 

features should be carefully designed and optimised in order to take into account the 

constraints of each manufacturing technology and the influence that they can have on 

previously machined features or subsequent processes in a chain. 

 

Although a broad range of technologies can be utilised in micro and nano 

manufacturing they are viable only in their cost effective processing window in regard 
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to features’ sizes and/or throughput. Therefore, to achieve FLSI in products it is 

necessary to look for or develop process chains that combine the capabilities of 

complementary technologies (Bigot et al., 2009; Brousseau et al., 2009; Allen et al., 

2008). Such multi-process fabrication paradigm for a single component relies on 

novel integrations of manufacturing technologies, which operate in their cost-effective 

processing windows, to design and implement viable manufacturing platforms 

(Velkova et al., 2010; Scholz et al., 2009). The aim of such technology integration is 

to multiply innovatively the capabilities of component technologies, taking into 

account and minimising the constraints of each manufacturing process and the 

influence it can have on previously machined features or subsequent process in the 

chain. In this way the advantages of compatible and at the same time complementary 

technologies are utilised at their best while reducing the impact of their shortcomings 

on the overall product realisation. 

 

The masters/inserts for serial replication of micro- and FLSI components are a 

product of a great market importance (Brecher et al., 2007; Piotter et al., 2008; Kolew 

et al., 2010). Thus research and development efforts are concentrated on both their 

improvement and, at the same time, on reduction of their production time and cost. 

Therefore, the maturity of process chains applied for their fabrication and the 

diversity of manufacturing technologies utilised are a significant factor in achieving 

these objectives.  

 

2.1.3 Technologies utilised for the fabrication of replication tools incorporating 

different function and length-scale (FLSI) features 

The most important requirement for achieving a high throughput production of FLSI 
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components is the design of viable manufacturing platforms for their cost-effective 

fabrication. A number of technologies have been utilised for mass production of non-

electronic micro-components. CD and DVD data storage devices, various micro 

fluidic devices, sensors, optical switches, micro lenses and holograms for data 

protection imprinted on credit cards and bills (Pietarinen et al., 2006; Leech and Lee, 

2006) are among the most well known products that incorporate micro- and nano- 

scale functional structures and at the same time are produced in large series. In spite 

of the diversity of these application areas, the most viable micro fabrication 

technologies for their high-throughput manufacture are different implementations of 

micro injection molding and roll-to-roll (R2R) processes. A key requirement for 

successful application of these technologies is the availability of precision production 

master having a long lifetime that can deliver a very high yield (Velkova et al., 2010). 

Depending on the size and the features of the functional structures to be replicated the 

masters are usually produced by employing process chains that combine the 

capabilities of the following technologies: 

- Mechanical micromachining 

- Laser structuring; 

- Micro Electro Discharge Machining (µEDM); 

- LIGA (lithography, electroplating, and moulding); 

- LIGA-based technologies. 

 

The capabilities of these component technologies in fabrication of moulds are 

analysed by many researchers and their advantages and disadvantages are well 

understood (Heckele and Schomburg, 2004). The laser structuring, the conventional 

mechanical micromachining technologies and µEDM are suitable for machining 
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features with a resolution down to few microns with relatively good aspect ratios and 

surface quality (Giboz et al., 2007). However, they are not applicable for fabricating 

structures that incorporate sub-micron and nano- features. 

 

Conversely, LIGA (Hormes et al., 2003) and LIGA-based technologies, e.g. X-ray, 

Extreme UV (EUV), Ion Beam (IB) and Electron Beam (EB) LIGA, are a flexible 

way for producing structures incorporating micron and sub-micron features with high 

aspect ratios, good surface roughness and sub-micron tolerances (Alting et al., 2003). 

Most commonly used are the UV and X-ray LIGA while the more recent 

implementations of this technology, EUV-LIGA, EB-LIGA and IB-LIGA, are 

considered more efficient but still more complex and expensive (Giboz et al., 2007). 

In terms of master-making, a major advantage of these technologies are their 

capabilities to produce structures with well defined and smooth sidewalls, an 

important factor in achieving a reliable replication (Malek and Saile, 2004). At the 

same time, a major disadvantage of the LIGA process is that it cannot be used for 

producing masters in conventional tooling materials like steel.  

 

Currently, the process of nickel electroforming proves to be a viable and widely used 

method for producing replication tools (Leech et al., 2004) due to the fact that it 

provides for a good hardness and wear resistance. The process also allows features of 

more complex shapes and various sizes to be replicated. Moreover, a very wide range 

of technologies can be used to fabricate electroforming masters with desired 

structures, e.g. laser ablation, µEDM, photolithography, EB lithography and focussed 

ion beam (FIB) machining. However, the use of any particular technology is viable 

only within a given optimal processing window in regard to achievable resolution, 
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surface quality and removal/structuring rates. As discussed in the previous section, 

usually a sequence of processes applied for machining of complex topographies, 

which incorporate different FLSI features, is the most cost-effective mean for the 

manufacturing of a final product. While the increase of the process steps leads to an 

increase in the overall uncertainty and total error associated with any selected 

manufacturing route, a well-designed process chain can have a significant positive 

impact on accuracy and cost-effectiveness of the whole master-making process 

(Dimov et al., 2006). Therefore, the process chain design should be paid a special 

attention in order to achieve the targeted compatibilities of component technologies, 

and at the same time to minimise the effects of various factors that can influence their 

overall performance. It is still a challenging task to combine technologies with 

different cost-effective processing windows, and thus to design viable tool-making 

process chains for producing components with both micro- and nano-features and/or 

realising complex 3D shapes.  

 

Some attempts have been made to develop such process chains (Leech and Lee, 2007; 

Bissacco et al., 2005) however further research is necessary to address the complex 

issues that arise in achieving a function and length-scale integration and 3D patterning 

simultaneously in a given process chain.  

 

2.1.4 Review of micro- and nano- manufacturing technologies  

To make feasible proper selection of manufacturing processes and order them in cost-

effective master-making process chain, a thorough knowledge of their capabilities and 

limitations is necessary. Therefore this section presents a brief review of some of the 

main micro- and nano- manufacturing technologies, considered as viable for 
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implementation in master-making manufacturing routes (Dimov et al., 2006). 

 

A broad range of technologies exists for micro- and nano-manufacturing, and the 

physical principles implemented in them are very diverse. Several researchers have 

proposed classification schemes to categorise these technologies. For example, 

Masuzawa (Masuzawa, 2000) focussed on micromachining processes and classified 

them according to the implemented machining phenomena. According to other 

researchers (Madou, 2002) the micro-fabrication techniques can be categorised as 

traditional or non-traditional methods and lithographic and non-lithographic methods. 

An alternative classification, suggested by Dimov et al. (Dimov et al., 2006) classifies 

the micro-manufacturing technologies according to their process ‘dimension’ and 

material relevance – Figure 2.1. In this classification, the first group of technologies 

performs material removal and deposition employing “1D processing”, e.g. 

structuring by a milling cutter or a laser beam. The second group includes 

technologies that utilise multiple 1D processing, e.g. 3D printing. Next, the 

technologies falling in the group of “2D processes” perform structuring by employing 

masks, e.g. photolithography. Finally, “3D processing” can be carried out using 

technologies for surface modification and deposition, e.g. PVD, CVD and 

electroplating or technologies for volume structuring such as injection moulding and 

embossing. Studying this classification, it can be concluded that generally, the 

manufacturing flexibility of the technologies increases from right to left, e.g. less time 

and effort are required to setup the process, while the production throughput and the 

process complexity increases from left to right. 
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Dimension 
capabilities 

   

 

 

  

 

Metals 
LH, EDM, ECM, 

Grinding 
MF, Grinding  Lap, Pol, MF 

Lap, Pol, ECP, 
EF, EP 

EDM, MF 

Polymers  3DL 3DP  
EBL, IBL, LL, 

PUL, XL  
 

HUE, NIL, NI, 
R2RE, IM  

Ceramics  3DL, Grinding 3DP IBL, LL,  Lap, Pol NIL, NI, R2RE 

Any 
material 

EBM, FIB, LA, 
PM, AWJ, 

Drilling, Milling, 
Turning, SLS 

 
Etch, PMLP, 

SP  
PVD, CVD, 

SC, SA 
Casting, MCIM, 

PIM (1)  

 
Key: 

3DL 3D Lithography Lap Lapping 
3DP 3D Printing LH Laser hardening 
AWJ Abrasive water jet LL Laser lithography 
Casting Casting MCIM Multi-component injection moulding 
CVD Chemical vapour deposition MF Metal Forming 
DL Direct LIGA Milling  Milling 
Drilling Drilling NI Nano-imprinting 
EBM Electron beam machining NIL Nano-imprint lithography 
EBL Electron beam lithography PIM Powder injection moulding 
ECM Electrochemical machining PUL Photo / UV lithography 
EDM Electrical discharge machining PM Plasma machining 
EF Electroforming PMLP Projection mask-less nanopatterning 
ECP Electro-chemical polishing Pol Polishing 
EP Electroplating PVD Physical vapour deposition 
Etch Etching R2RE Reel to reel embossing 
FIB Focused ion beam SA Self assembly 
Grinding Grinding SC Spin coating 
HUE Hot/UV embossing SLS Selective laser sintering 
IBL Ion beam lithography SP Screen printing 
IM Injection moulding Turning Turning / Diamond turning 
LA Laser ablation XL X-ray lithography 

 

Figure 2.1 Map of technologies according to process dimension and material 

relevance – adapted from (Dimov et al., 2006). 
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Perhaps the most widespread classification is that of Brinksmeier et al. (Brinksmeier 

et al., 2001) which is shown in Figure 2.2. In particular, the authors considered two 

generic technology groups: Micro System Technologies (MST) and Micro 

Engineering Technologies (MET). MST encompasses the processes for the 

manufacture of MEMS and micro-opto-electromechanical systems (MOEMS), while 

MET cover the processes for the production of highly precise mechanical 

components, moulds and microstructured surfaces. 

 

2.1.4.1 MEMS processes 

The manufacturing processes associated with the MEMS/MOEMS and 

microelectronics fields are based on 2D or planar technologies. This implies the 

fabrication of components or products on or in initially flat wafers (Alting et al., 

2003). Most MEMS technologies use silicon as the substrate material and a sequence 

of complex chemical processes (Jing et al., 2007; De Grave and Brissaud, 2005). The 

wafer fabrication processes can be divided into six basic steps: cleaning/oxidation, 

photolithography, etching, implantation, diffusion, and metrology. The operations 

may vary widely depending on product configurations or the technology in use 

(Arisha et al., 2004). 

 

Photolithography is the main technique used to define the shape of the micromachined 

structures. It involves the processing of wafers in order to build up the layers and 

patterns of metal and wafer material to produce the required circuitry. During the 

photolithography process the pattern is transferred from a mask onto photosensitive 

polymer and finally replicated into the underlying layer. The object of this multi-step  
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Figure 2.2 Process technologies for micro-manufacturing – adapted from 

(Brinksmeier et al., 2001). 
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process is the accurate and precise definition of a three-dimensional pattern on a 

semiconductor substrate (Arisha et al., 2004). 

 

The subsequent chemical or physical processes can be divided into two main 

categories: thin film deposition (creating functional layers on the silicon substrate) or 

additive processes and etching processes (removing material). The specific sequence 

of processes is not given on beforehand, but must be defined by the designer. 

 

The thin film deposition processes can be divided into several main categories: 

Chemical Vapour Deposition (CVD), Physical Vapour Deposition (PVD), 

Electrochemical Deposition and Spin-on deposition. The first three are subdivided 

into: CVD – atmospheric pressure CVD, Low pressure CVD, Plasma enhanced CVD 

and Vapour phase epitaxy CVD; PVD – Vacuum evaporation, molecular beam 

epitaxy and sputtering and for Electrochemical Deposition – electroless plating and 

electroplating (Alting et al., 2003). 

 

The material removal, or etching, can be wet etching where the wafer is immersed in 

a bath of etchant, which must be agitated to achieve good process control or dry 

etching which makes use of plasma or vapour under pressure. Wet etching processes 

are subdivided into isotropic and anisotropic (single crystal) etching, while dry 

etching could be vapour etching, plasma etching and reactive ion etching. 

 

The various lithography and LIGA processes were discussed in detail in section 2.3.1 

of this literature review chapter. 
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Lithography-based technologies for micro-electromechanical systems (MEMS) are 

capable to produce micro- and submicrometre-size features. However, these 

techniques are capital intensive and inevitably require cleanroom environment 

(Rajurkar et al., 2006), and have limitations concerning the range of materials that can 

be processed and the complexity of the geometry they can produce. Thus, MEMS 

techniques cannot meet the demand for miniaturised products and components that 

require 3D and high aspect ratio features, resistance to aggressive environments and 

enhanced-force micro-actuation. 

 

2.1.4.2 Mechanical processes 

This category includes technologies like micro-milling, micro-turning, micro-drilling, 

ultraprecision micro-milling, micro-grinding and micro-abrasive machining. All of 

them can be characterised as direct tool-workpiece contact material removal 

processes. In general, mechanical processes for micromachining have higher material 

removal rates and are capable of generating 2D and 3D micro features on wide range 

of materials (Liu et al., 2004; Dornfeld et al., 2006). Their limitations include their 

inability to machine hard materials and lack of mass production capabilities (Rajurkar 

et al., 2006). Among those technologies, micro-milling is perhaps the most widely 

applied one in the field of master making for microinjection moulding and HE. 

 

Micro-milling 

Micro-milling is characterised by relatively high removal rates and employs tools that 

can have a diameter down to 10 µm (Filiz et al., 2008). The main application areas of 

micro-milling include the manufacture of micro-parts for watches, keyhole surgery, 

housings for microengines, tooling inserts for microinjection moulding and hot 
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embossing, and housings and packaging solutions for micro-optical and micro-fluidics 

devices. It has emerged as an effective technique for machining high aspect and/or 

complex 3D micro-features due to its flexibility, cost-effectiveness, accuracy and the 

surface finish that can be achieved in a wide range of engineering materials such as 

aluminium alloys, stainless steel, titanium, brass plastics, ceramics and composites 

(Filiz et al., 2007; Pham et al., 2009). However, typical drawbacks of the process are 

material deformation related issues such as burr formation and significant deviations 

of the dimensions of the machined features relative to the nominal values, due to tool 

deflections. Also, as the features’ size has to comply with the minimum tool diameter, 

the minimum size of concave features is limited to 100 µm. Even though there is no 

such constraint for convex structures they have to withstand the cutting forces without 

excessive elastic deformation (Bissacco et al., 2005). 

 

2.1.4.3 Energy assisted processes 

Laser milling/ablation 

Laser milling involves applying laser energy to either remove material through 

ablation in a layer-by-layer fashion or join components (Pham et al., 2002). This 

technology is suitable for machining of a wide range of materials including metals, 

ceramics, glass, polymers and semiconductors. It is particularly appropriate for hard 

materials that are difficult to machine by conventional means (Dubey and Yadava, 

2008). This important process characteristic is due to the fact that extremely high 

power can be released within a very short time interval, pulse duration, onto a spot of 

a few micrometres in diameter (Meijer et al., 2002).  
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Two main ablation regimes according to the laser pulse length used have been 

distinguished (Petkov et al., 2008): ultrashort pulses: femtosecond (fs) and picosecond 

(ps), and longer pulses: nanosecond (ns) and microsecond (ms). Major advantage of 

the ultrashort pulse laser ablation is the negligible thermal effect into the substrate and 

almost no heat-affected zone (HAZ). Due to its nature the ultrashort pulse laser 

ablation provides for small feature size, smooth finishing surface and flexible 

structuring (Zheng et al., 2006). Conversely, in long pulse laser milling, undesirable 

effects such as HAZ, recast layers, micro-cracks, shock wave surface damage and 

debris from ejected materials are observed. 

 

Two different approaches to pulsed laser ablation/milling can be applied: direct 

writing and mask projection (Gower and Rizvi, 2000). Even though direct writing is a 

relatively simple technique, the limitations to the complexity of the produced features’ 

geometry and the small area covered are a significant drawback. The mask projection 

method on the other hand can produce many types of structures and is suitable for 

batch production. However, the necessity of a mask makes this approach relatively 

expensive (Alting et al., 2003).  

 

Micro Electrical Discharge Machining (µEDM) 

Micro electrical discharge machining is a thermal process for contactless material 

removal of electrically conductive materials (Bissacco et al., 2007). Current µEDM 

configurations include (Rajurkar et al., 2006): µEDM milling, µEDM sinking 

(Kunieda et al., 2005), µEDM drilling, µEDM grinding (Rees et al., 2007) and micro-

wire EDM (Rees et al., 2008). Those diverse process developments have led to the 

current wide use of µEDM for the manufacture of micro-structures and tools 
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employed in mass production of micro- components such as inserts for microinjection 

moulding and hot embossing. In addition, the almost negligible machining forces, no 

burr formation and good repeatability of the process have made µEDM the best means 

for producing micro-features with high aspect ratios (Pham et al., 2004). However, 

there are some specific drawbacks of this technology, such as tool/electrode wear, 

positioning errors, inspection issues and low removal rates (Kunieda et al., 2005; 

Hansen et al., 2007) that limit its application. 

 

Focussed Ion Beam 

FIB patterning is a technology that is used for producing not only complex 3D 

microstructures but also nano-sized features. FIB can perform milling operations, and 

in the presence of a precursor gas, it can also be employed for ion beam-induced 

deposition (Shinji and Yukinori, 1996) or gas-assisted etching (Fu et al., 2005). This 

technology enables direct patterning of almost any material with high accuracy and 

resolution. In particular, it is possible to achieve structures with lateral dimensions 

less than 50 nm (Allen et al., 2009). 

 

Many of the advantages, characteristic for the FIB technology, such as flexibility, 

high resolution and high surface quality, are extremely important for master making 

(Scholz et al., 2009; Youn et al., 2006). However, a major disadvantage of this 

technology is its relatively low removal rates, which makes it expensive and non-

feasible to utilise as a stand-alone manufacturing mean. However, to address this issue 

a multi-ion beam concept was proposed that combines the high resolution capabilities 

of the FIB technology with the higher throughput advantage of parallel lithography 

systems. In particular, to satisfy the requirements for high productivity, a projection 
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maskless nano-patterning (PMLP) system is under development (Platzgummer et al., 

2008). Furthermore, Dimov et al. (Dimov et al., 2006) concluded that some 

component technologies in process chains are not viable on their own but by 

integrating them with other complementary technologies can lead to the development 

of novel process chains. Example of such process is the focussed ion beam 

structuring. Considering the many advantages this technology has to offer, a major 

objective of this research is to explore and justify its cost-effective implementation in 

process chains. More specifically, the main area of interest is the manufacturing 

platforms for fabrication of tools for serial replication, incorporating different length-

scale features. Therefore, the capabilities of FIB technology are discussed in details in 

a separate section of this chapter.  

 

2.1.4.4 Replication Technologies 

Nano-imprint Lithography (NIL) 

NIL is a process that can produce nanometre scale patterns. This is achieved by 

pressing a template on a monomer or polymer imprint resist and subsequently curing 

the resist by heat or UV light. Although thermal NIL is widely employed for micro- 

and nano- replication of thermosetting polymers, it is difficult if not impossible to 

replicate micro- and nano- features in one processing step due to issues related to 

differences in polymer flow in micro and nano patterns, big thermal shrinkage and 

variations of residual layer thickness (Lalev et al., 2009). UV-NIL and especially the 

Step and Flash Imprint Lithography (S-FIL) process is considered to be a better 

option for the simultaneous imprinting of nano and micro patterns as they offer 

several major advantages (Resnik et al., 2005) such as: uniform patterning of large 

surface areas, due to low imprinting forces and low resist viscosity, absence of 
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thermal expansion, uniform thickness of the residual layer, capability to imprint micro 

and nano features simultaneously, imprinting of complex 3D topography and the 

possibility to use fragile substrates. Therefore it is considered an enabling technology 

for the fabrication of organic nanoelectronics, MEMS, optical components and 

semiconductor devices (Austin et al., 2005; Guo, 2007). 

 

However, it should be noted that the big disadvantage of this technology is the limited 

number of resists suitable for the S-FIL process and the constraints regarding the 

achievable aspect ratio of the imprinted features (Guo, 2007).  

 

Electroforming 

Electroforming is a material deposition process for the manufacture of metal parts. An 

electrolytic bath is used to deposit electroplatable metals onto a conductive patterned 

surface. In practice, nickel, copper and iron are used for deposition. Once the metal 

has been deposited to the desired thickness, the electroformed part is separated from 

the master substrate. Depending on the application, the thickness of the metal layer 

can vary between a few micrometres to several millimetres (McGeough et al., 2001). 

Applications of electroforming range from the production of consumer products to the 

fabrication of specialised aerospace components (McGeough et al., 2001). In recent 

years, electroforming has gained importance for the production of micro- and nano-

scale metallic devices and the creation of precision injection moulds with micro- and 

nano- scale features. This is due to the ability of the process to replicate complex 

shapes accurately and with a good surface finish. However, when applying 

electroforming for fabricating masters it is important that the following properties are 

achieved (Tang, 2008): 
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• Even distribution of the electro deposited material. This is important in order 

to minimise the follow up machining after plating. Also, this is very important 

in fabricating high aspect ratio structures, e.g. filling evenly deep trenches and 

other features with depth to width ratio from 2 to 5 or even higher, without 

forming voids inside them. 

 

• Reduction of internal stresses. This is necessary in order to minimise the 

changes in the electroformed masters when they are released from the 

mandrel.   

 

• Wear resistance. As the masters will be used for thermal replication, a hard Ni 

deposit will extend the life-time of the tool. However, there are trade-offs 

because increasing the wear resistance through increased hardness can lead to 

brittleness. In particular, this will be the result of the thermal cycles during 

replication which can trigger the Ni re-crystallisation and can lead to 

transportation of any impurities to the grain boundaries. 

  

• Corrosion resistance. This is even a more important consideration in 

electroforming masters with micro and nano structured surfaces. The smallest 

corrosion attack could be devastating for such structures. 

 

Despite the many advantages those two processes offer, there are a number of 

limitations to them as well, the main being processing cost/time and restricted range 

of materials to be used for replication. That is why, rather than used in a “fabrication 

of a final product” stage, some alternative application of those two replication 
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technologies in process chains should be considered. One way to achieve their cost-

effective implementation is to utilise them at earlier stages of the designed 

manufacturing routes, making them complementary to other replication technologies 

regarded as more appropriate for serial replication.  

 

Serial Replication Technologies 

The concept of master-making process chains discussed in this study is suitable for a 

number of serial replication technologies for scale-up micro manufacture including 

micro-injection moulding (µIM), R2R imprinting and hot embossing (HE) together 

with some of their variations such as compression injection moulding and R2R 

thermoforming (Heckele and Schomburg, 2004). A common challenge in all of them, 

especially when micro and nano structures have to be replicated simultaneously, is the 

reliable and cost-effective fabrication of stamps or inserts. This, together with the 

necessary optimisation of the respective replication process, determines the overall 

effectiveness of such manufacturing platforms. The advantages and disadvantages of 

these high throughput replication processes are discussed below.  

 

µIM and HE appear to be the two most industrially viable processes for fabrication of 

micro components (Giboz et al., 2007). Due to its specific processing conditions, hot 

embossing is widely used for replicating structures/features with dimensions in the 

sub-micron range and high aspect ratios. However, the HE cycles are relatively long, 

usually 5 to 10 minutes, and therefore this technology is more suitable for small to 

medium series production and prototyping (Heckele and Schomburg, 2004; Giboz et 

al., 2007). Conversely, the shorter cycle time in µIM determines its effectiveness for 

large series production, i.e. of more than 1000 parts (Theilade and Hansen, 2007).  
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Injection compression moulding can be considered as a hybrid process that combines 

the capabilities of µIM and HE. Especially, the shrinkage of the polymer during the 

cooling stage of the process can be minimised during its compression stage, which 

leads to a better replication accuracy. This technology is widely used for mass 

production of CDs and DVDs (Heckele and Schomburg, 2004).  

 

R2R imprinting has attracted researchers and industry with its potential for a high 

throughput manufacture (Chia-Jen et al., 2008; Makela et al., 2007; Velten et al., 

2010). The process is capable of replicating micro and nano topography at relatively 

high speed. Depending on the set-up, thermo and UV curable resist materials can be 

used. One of the major difficulties associated with this technology is the structuring of 

the rollers, particularly at nano scale. A variation of this technology is R2R 

thermoforming. It is used for forming of foils with complex cross-sections as it allows 

easy demolding but high aspect ratios could hardly be achieved. 

 

2.1.5 Error factors in implementing process chains 

By combining the capabilities of complementary technologies for direct micro and 

nano structuring, novel approaches for function and length scale integration can be 

implemented and successful process chains for the production of masters for serial 

replication developed. To implement it effectively in new micro manufacturing 

platforms the various potential problems or errors at each stage of the process chain 

should be identified and carefully analysed in order to minimise their effects on the 

overall uncertainty associated with its practical utilisation. This is very important in 

order to assess subjectively whether and how they could affect its overall performance 
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and thus compromise its manufacturing robustness and efficiency in terms of cost and 

time. 

 

Generally the possible errors in such integrated process chains can be attributed to the 

following main sources (based on ISO, 1995): 

 

• Process. Those include the specifics of the process or processes in a given 

component technology used in a process chain and encompass the influence of 

the working parameters and also the material properties of the workpiece.  

They could affect the total performance of the technology or cause any 

deviations from the targeted result/product. 

 

• Equipment. They are associated with the condition and reliability of the 

equipment integrated in the process chain, both production and measurement 

ones, that can affect the system setup at different stages, e.g. calibrations and 

system monitoring during and after the process execution, as well as  

measurement uncertainty of any inspection operations. These errors are 

specific to the equipment selected to implement any given process chain and 

therefore only generic issues are identified in this research.  

 

• Human factor. This is a highly subjective and rather unavoidable source of 

error based on the experience of the operator and/or the number of operators 

involved.  
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• Environment. This includes the impact of external, e.g. stochastic factors 

such as noise, oscillations and vibrations, temperature changes, atmospheric 

conditions and air purity. 

 

2.2 Advantages and disadvantages of the FIB technology 

To discuss the benefits of the implementation of the FIB technology in process chains 

and FLSI component fabrication, its principle of operation and the physical 

phenomena associated with the process are discussed in this section.  

 

2.2.1 FIB process characteristics 

Initially developed in the 1970s (Krohn and Ringo, 1975; Seliger et al., 1979) and 

undergoing constant improvements ever since, the FIB technology has been utilised as 

a tool for mask repair, device modification, failure analysis and integrated circuit (IC) 

debugging. In principle the focused ion beam can operate in two modes: ion beam 

direct write and ion beam projection. The latter, also known as focussed ion beam 

lithography (FIBL) utilises a stencil mask and is regarded as an alternative of 

conventional optical lithography (Kaesmaier and Löschner, 2000). As it still has some 

major limitations that restrict its field of application, FIBL could hardly be considered 

as cost-effective for FLSI products’ fabrication and is therefore out of the scope of 

this research. 

 

The FIB direct write mode, also known as FIB milling, can broadly be defined as the 

process of creating patterns through ‘direct impingement of the ion beam on the 

substrate’ (Tseng, 2004). The successful implementation of the FIB milling 

technology relies on its capability to operate a focused ion beam with a suitable beam 
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size, shape, current and energy to remove a required amount of material from a pre-

defined location in a controllable manner. However, when an energetic ion strikes the 

surface of a target material, different ion-target interactions, including milling, 

deposition, implantation, swelling, backscattering and nuclear reaction, can occur. 

Some of those interactions are not completely separable and could cause unwanted 

side effects for particular applications. In order to avoid such undesirable effects the 

nature of the ion-target interactions should be well understood and accounted for 

when implementing a specific FIB process. 

 

The ion – target interaction 

 The basic principle behind the FIB milling is that the kinetic energy of the incident 

ion and its momentum are transferred to the target through elastic and inelastic 

interactions (Prenitzer et al., 2003). In the case of inelastic interactions (electronic 

energy loss) part of the ion energy is transferred to the electrons of the target material 

and ionization takes place. In the elastic interaction (nuclear energy loss) the ion 

energy is transferred to the atoms of the target. The incident ions interact only with 

the atoms at the surface or near the surface layer of the target causing a collision 

cascade on the atoms. If the ion energy (or momentum) is adequate, the collision can 

transfer sufficient energy to the surface atom to overcome its surface binding energy 

(3.8 eV for Au and 4.7 eV for Si), and the atom is ejected as a result. This interaction 

is called sputtering and is the governing effect in FIB milling. The process is 

presented schematically in Figure 2.3a. Because the interaction depends solely on 

momentum transfer to remove the atoms, sputtering is a purely physical process. 

 



37 
 

The number of atoms ejected or removed per incident ion, referred to as sputtering 

yield, Y, is generally utilised to characterise the efficiency of the material removal. 

The sputtering yield is usually in the range 1-50 atoms/ion and is a function of a 

number of variables including the ion and target material atoms’ masses, the ion 

energy and angle of incidence, the target temperature and the ion flux. The sputtering 

yield can be expressed (Smentkowski, 2000) as: 

 

η][]_/[ atomsSionincidentatomsY =      (2.1) 

 

In Equation (2.1), ρ.][ VatomsS =  is the number of sputtered atoms and η is the 

number of ions that strike the sample. V and ρ denote the volume of the resulting 

crater [cm3] and the density of the sputtered material [atoms/cm3], respectively. η can 

be expressed in terms of the ion current, I [A], the sputtering time, t [s], and the charge 

on an electron, 1.e-1, where ][10.6,1][10.6,1.1 1919 AsCe −−− == : 

 

−= etI /.η        (2.2) 

 

To calculate Y for actual FIB milling of a given material and since in reality the 

quantity of removed material is best described by the crater volume, V, Equation (2.1) 

can be expressed in the form: 
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Figure 2.3 Main FIB principles of operation a) ion beam sputtering, b) FIB 

etching and c) local deposition – adapted from (Gierak, 2009) 
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  tIVtIeVY .)10.6,1..(.)..( 19−− == ρρ    (2.3) 

 

Alternatively, Y can be defined based on the number of sputtered grams by 

multiplying the number of atoms obtained in Equation (2.3) by the atomic mass, M, of 

the sputtered species and dividing it by Avogadro’s number, NA: 

 

ANMatomsSgS ].[][ =       (2.4) 

 

)..()6,1...(

)..()...(/][]_/[
19

A

A

NtIMV

NtIeMVgSionincidentgY
−

−

=

===

ρ

ρη
 (2.5) 

 

Initially, the sputtering yield increases as the ion energy increases, but the yield starts 

to decrease as the energy exceeds the level beyond which the ions can penetrate deep 

into the substrate. At this stage of interactions, implantation or doping can take place 

in which the ions become trapped in the substrate as their energy is expended. 

Investigations (Tseng, 2004; Gierak, 2009) have revealed that the necessary energy 

for having a proper sputtering is between10 and 100 keV for most of the ion species 

used for milling. For ion energies higher than 100 keV, implantation occurs as the 

ions can easily penetrate into and be trapped in the interior of the substrate, whereas 

ion energies higher than 1 MeV result in dominant backscattering and nuclear 

reactions. 

 

During sputtering, certain amount of the ejected atoms or molecules is frequently 

redeposited back into the sputtered region, particularly with increasing milling depth 

or when higher aspect ratios are targeted. The redeposition makes it difficult to 
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control the amount of material removed by sputtering. Theoretically, the essence of 

FIB milling is to carefully control both the material sputtering and the redeposition, so 

that a precise amount of material can be removed (Tseng, 2004). 

 

2.2.2 Principle of operation and types and structure of the FIB systems 

The need for a better control and real time monitoring of the FIB process has led to 

the development of FIB machines that combine in one scanning electron microscopy 

(SEM) and FIB columns. Basically, in such setups the FIB column is integrated on a 

platform together with a SEM one, and their two optical axes converge at the same 

point on the sample surface. This ‘cross-beam’ or ‘dual-beam’ architecture (Figure 

2.4a) was initially developed in the beginning of the 1980s (Sudraud et al., 1988) and 

allowed in situ observation and non-destructive control during the FIB machining 

(Gierak, 2009). Also, successfully addressing issues like positioning accuracy of the 

ion beam spot and the associated sample moving and positioning, this configuration 

has become immediately very popular and is widely used in the microelectronics 

industry. In fact, nowadays most of the FIB manufacturers offer this type of 

instruments (Figure 2.4b) (Carl Zeiss, 2011; FEI Company, 2011; Orsay Physics, 

2011). 

 

Apart from the SEM integrated column, the typical FIB system normally includes an 

ion source, ion optics column, a beam deflector and sample-holding or substrate stage 

(Wang, 1997). A typical two-lens FIB system is shown in Figure 2.5. The ion sources 

that are currently available include Al, Ar, As, Au, Be, B, Cs, Cu, Ga, Ge, Er, Fe, H, 

Li, Ni, P, Pb, Pd, Pt, U and Zn. As mentioned earlier, Ar, B and P ions are widely 

used in microelectronics for implantation of semiconductor materials, whereas the 
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popular ion species for micro- and nanofabrication are As, Be and Ga (Tseng, 2004). 

Because of the high melting temperature and the reactivity or volatility associated 

with the pure metals, many of these ion species are produced from liquid metal alloy 

sources, also frequently referred to as liquid metal ion sources (LMIS). The LMIS has 

been used to provide reliable and steady ion beams for a variety of ion species 

(Bischoff, 2008). The ion beam generated from LMIS is directed through a mass 

separator and a drift tube. The purpose of the mass separator is to allow only the ions 

with a fixed mass-charge ratio to pass through (Ward, 1985). Then the drift tube 

situated under the mass separator eliminates those of the ions which are not directed 

vertically. The lower lens located below the drift tube helps reduce the beam spot size 

and improve the focus. Then, the electrostatic beam, following the lower (objective) 

lens, controls the final ion beam trajectory and the landing spot of the ions on the 

substrate.  

 

Often a multichannel plate (MCP) is situated above the target. The MCP helps in 

viewing the substrate/sample by collecting the secondary electron emissions for 

imaging (Reyntjens and Puers, 2001). The nozzle shown in Figure 2.5 is used for FIB-

induced etching and/or chemical vapour deposition. The whole setup is usually placed 

in a low pressure chamber, where a vacuum of approximately 1x10-7 mbar is 

maintained. This is done in order to increase the ion mean paths and to avoid beam 

strength reduction due to the interference of particles in the chamber (Melngailis, 

1987). Such a system would usually produce ion energies from 50 to 250 keV with 

the minimum full width at half-maximum (FWHM) beam diameter down to 5-7 nm 

(Frey et al., 2003). FWHM is defined as the distance between the locations on the 

intensity profile at which the intensity reaches half of its maximum value. Achieving  



 

Figure 2.4 Combined FIB/SEM systems: a) schematic presentation of the 

FIB/SEM device developed by Sudraud (

commercially available SEM/FIB system by from Carl Zeiss 

(Gierak, 2009) 
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Figure 2.4 Combined FIB/SEM systems: a) schematic presentation of the 

et al., 1988), and b) 

– adapted from 
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Figure 2.5 Two-lens FIB system configuration – adapted from (Tseng, 2004) 
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such a range of ion energies allows the system to be used for both sputtering and 

implantation. FWHM is used to describe the diameter of the focused ion beam, in 

which the ion intensity is highly non-uniformly distributed; frequently, its intensity is 

close to a Gaussian profile.  

 

To perform FIB structuring the ion beam is moved in a linear fashion along the 

sample; the beam displacement usually being referred to as scanning. In the 

computer-controlled FIB systems, milling is done in a precise pixel-by-pixel 

movement (Tseng, 2004). The scanning can be performed in two ways: raster scan or 

serpentine scan, as shown in Figure 2.6. In raster scanning – Figure 2.6a the beam 

moves in the same direction throughout the whole exposure. Certain disadvantage 

here is the increase in the overall processing time due to the time required for the 

beam to return to coordinate and settle before performing the next scan. On the other 

hand, in the serpentine scan, direction is reversed after each pass – Figure 2.6b.  

 

 Besides the ion beam and its intensity, the other important parameters that determine 

the actual FIB milling process are the dwell time, dt [ms], and the area step size, SS, 

[nm]. The dwell time is defined as the time the ion beam spends on a given spot or 

pixel, whereas the step size is the distance between the centres of two adjacent pixels 

– Figure 2.6. To mill a smooth profile with a constant rate of material removal or 

milling rate, the ion intensity rate (the ion flux) with respect to the scanning direction 

has to be uniform or unwavering. To achieve this, the pixel spacing must be small 

enough to allow a proper overlap between adjacent pixels so that a smooth uniform 

profile can be milled. In addition, to mill a smooth surface between the scan lines, the 

area step size between adjacent scan lines must be also small enough to allow a proper 
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Figure 2.6 FIB milling scanning strategies: a) raster scanning, and b) serpentine 

scanning.  
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 overlap between adjacent lines. In some cases the parameters are combined in a dose, 

term that is used to describe the exposure amount (ion dose) over a certain area. In 

general, the larger the exposure dose, the deeper the milled structure; however, due to 

the redeposition effects and especially for high aspect ratio (AR), submicron features 

filling of the milled structure and/or non-flat bottom occurs. Thus, when performing 

FIB milling with one pass over the targeted area, a structure with V-shaped profile is 

obtained (Li et al, 2003; Tseng, 2004). However, when 2.5D (microchannel) 

structures have to be produced, there are several requirements that should be satisfied, 

in particular: (i) flat channel bottom, (ii) nearly vertical sidewalls and (iii) high AR 

profile. Furthermore, when producing 3D features it is essential that the overall 

geometry of the target feature is produced accurately and usually within tight 

tolerances. 

 

That is why usually a number of consecutive passes of the milled area are applied to 

meet those requirements. In this case, the passes can be regarded as layers stacked 

along the normal of the sample surface; hence this type of machining is typically 

referred to as layer-based FIB milling. If the area dose is distributed in a relatively big 

number of layers the following improvements can be achieved: (i) the re-deposition 

effects can be minimised, if not entirely eliminated, and thus (ii) accurate, predictable 

structures with flat bottoms can be obtained. Further development of the layer-based 

milling approach has enabled the predictable fabrication of 3D features (Lalev et al., 

2008 Lalev et al., 2009; Svintsov et al., 2009). 

 

2.2.3 FIB modes of application 

As discussed in the previous section different phenomena can occur at various energy 
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levels depending on the specific ion-target interactions. This, in turn, makes possible 

the utilisation of the FIB technology as a versatile mean of structuring. Especially, 

whereas the FIB milling can be used as a material removal technology, the ion 

implantation allows for alterations of the material properties of the target. In addition, 

chemically-enhanced FIB milling techniques such as etching and deposition have 

found applications in the microelectronics industry. 

 

Ion Implantation 

This phenomenon is widely used in the microelectronics industry as a means for 

doping of semiconductor materials. Through ion implantation the properties of a 

given material can be modified by inserting selected ions within its atomic lattice. The 

penetration depth of the ions is usually adjusted in the micrometer range. Commonly 

used ions are B, As, Ge, P and Si implanted in materials such as silicon and gallium 

arsenide and the implantation doses vary in the range 1011 ions/cm2 – 1016 ions/cm2. 

Apart from microelectronics, this technique has been successfully applied for 

improvement of the surface properties (surface energy and absorption) and reduction 

of surface corrosion, as well as for improvement of the mechanical properties of 

materials (i.e. reducing wear and friction) (Gierak, 2009). 

 

Chemical Reactive Ion Etching (RIE) 

The chemical reactive ion etching – Figure 2.3b, was initially proposed (Kosugi et al., 

1991) as a solution to the effects of the redeposition phenomenon, such as 

contamination of the surface of the specimen, partial filling of a previously milled 

structure in case of deep milling and possible occurrence of short circuit between 

interconnects (Santschi et al., 2006). Chemically assisted FIB milling processes are 
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based on the local injection in the working chamber of a reactive gas. The surface of 

the sample adsorbs part of the injected gas that readily reacts with the sputtered atoms 

of the target in forming volatile compounds. These volatile products do not redeposit 

since they are evacuated by the pumping system of the chamber. Nowadays, a number 

of etching processes and recipes are available for improving etching selectivity 

between given materials, decrease of redeposition and substantial improvement of the 

achievable aspect ratios (width/depth) of the milled features (Gierak, 2009). Certain 

drawbacks of this method are the contamination effects on the sample surface and the 

limitations in ultimate resolution due to scattering effects of the incoming ions in the 

adsorbed gas layers (Hon et al., 2008). 

 

FIB Deposition 

Figure 2.3c shows the principle of FIB local deposition. This technique is based on a 

mechanism of energy transfer between the secondary electrons generated by the 

collision of the focused ion beam with the substrate/sample surface. This energy 

transfer is due to locally ‘cracking’ gas molecules injected and absorbed on the target 

surface. The non-volatile compounds of this reaction, which are generally selected for 

their metallic or insulating properties, form a solid deposit adhering to the sample 

surface. The materials usually used for deposition are platinum (Pt) and/or tungsten 

(W) (Hon et al., 2008). A major advantage of the FIB technology due to the 

deposition technique is that, since it can easily be combined with direct milling, it 

enables the use of the same tool for creating structures by both material removal 

(milling) and material add-up (depositing) with relatively good three-dimensional in 

situ process control (Jeon and Melngailis, 2006). 
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The doping, RIE and deposition (which can be considered complementary to the FIB 

milling in terms of micro-nano-manufacturing) find many applications in the silicon-

based manufacturing. Therefore, the FIB capabilities and limitations are relatively 

well studied. In regard to the cost-effective implementation of the FIB technology into 

manufacturing platforms for fabrication of replication masters those techniques 

appear to be somewhat secondary, or complementary, to the FIB milling. Therefore, 

this research is focussed on exploring/investigating the challenges and capabilities of 

the direct FIB milling.  

 

FIB Milling – Characterisation and Functions 

The nature of the FIB milling allows for the fabrication of high-resolution, complex 

sub-micron 2.5D and 3D features through controlled material removal. As already 

mentioned, the sputtering and redeposition are two governing phenomena that cause 

material removal. In fact, in order to achieve the targeted shape, especially in FIB 

machining of 3D features, it is of crucial importance that the effects of redeposition be 

taken into account. Besides the sputtering yield/rate and the redeposition, the 

homogeneity of the FIB milling process is strongly affected by the properties of the 

target material (crystal, polycrystalline, amorphous, doped etc.) as well as by the 

angle of incidence of the ion beam. 

 

2.2.4 Angle of incidence 

The angle of incidence, usually denoted as θ [o] has a direct and very substantial 

influence on the sputtering yield. As shown in Figure 2.7 a θ is defined as the angle 

between the direction of the ion beam and the surface normal. When the incidence 

energy of the ions is high enough, approximately above 1 keV (Kim et al., 2007 a), 
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the relationship between Y and θ can be expressed by the cosine rule, and is 

proportional to 1/cos θ (Svintsov et al., 2009). This angular dependence is observed 

for a wide range of angles θ, as well as for lots of materials, ions species and their 

energies (Andersen and Berish, 1981). Figure 2.7b shows the sputtering yield as a 

function of θ, obtained for silicon sample sputtered with Ga+ ions accelerated at 20 

and 30 keV. As shown in Figure 2.7b increasing the incidence angle increases the 

sputtering yield until it reaches its maximum near 80o; then it decreases very rapidly 

to zero as the incident angle approaches 90o. As mentioned earlier, the amount of 

sputtering is dominated by surface collision cascades. As the angle of collision 

between the ions and target atoms increases from normal incidence, the possibility of 

the target atoms escaping from the surface during the collision cascades increases and 

eventually this leads to an increased sputter yield. After reaching a maximum, the 

sputter yield decreases again as the ion approaches glancing incidence because of the 

increase in reflected ions and the fact that more and more collision cascades terminate 

at the surface before they are fully developed. 

This θ - Y relationship has also been verified by numerous simulations performed by 

various research groups (Frey et al., 2003; Lehrer et al., 2001). 
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Figure 2.7 FIB milling characteristics: a) angle of incidence of ion beam, θ, and b) 

sputtering yield to angle of incidence relationship – adapted from (Kim et al., 2007 a). 

α and β in a) represent the emission angle of sputtered atoms and  incident angle of 

redeposited atoms, respectively. 
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2.2.5 FIB processing of different materials 

Due to the nature of the FIB milling process the FIB technology allow the machining 

of virtually all kinds of materials ranging from metals to polymers. The machining 

behaviour of the different materials, however, might yield very different results for 

unique FIB milling conditions (Prenitzer et al., 2003). This behaviour also referred as 

milling rate is directly related to the sputtering yield, Y. The relationship is discussed 

in further details in Chapter 6. The response of the materials to ion sputtering depends 

mainly on their material structure - crystalline, polycrystalline, amorphous etc. 

 

More particularly the polycrystalline materials exhibit significant grain anisotropy 

leading to non-uniform ion etching and re-deposition of the materials. This 

phenomenon is not observed in mono-crystalline materials such as silicon and 

alumina which are utilised for electron and ion patterning.  

 

Unlike the polycrystalline materials the amorphous structures (silica, amorphous 

metallic glasses, and bulk metallic glasses - BMG) are very suitable for charged 

particles milling because of their isotropic structure. Furthermore their properties are 

identical, irrespective of their macro-orientation towards the particle beam.   

 

For metallic glasses with high metalloid concentration the electronic transport would 

be dominated by s-like nearly free electrons, resulting in dramatic changes of 

transportation properties of these alloys compared to their crystalline counterparts 

(Ivkov et al., 1989; Li et al., 2007). Thus, in amorphous metals, the energy dissipation 

during the ion exposure is minimised, leading to an increase of the sputtering yield. 

Furthermore, a higher surface integrity of the produced micro and nano-structures can 
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be obtained in the non-crystalline materials because no crystalline defects, such as 

dislocation pile-ups, point defect agglomerates and grain boundaries are present to 

facilitate the formation of micro-cracks and pores.  

 

In addition to that, if the dose level of the ions is not high enough, amorphization may 

occur in the bombarded area of a crystalline substrate and can induce swelling on the 

substrate surface. In amorphization, the incident ions in most cases are buried in the 

target material and may also displace atoms in their lattice so that the displaced atoms 

redeposit on the nearby surface. Since most of the FIB roughly resembles a Gaussian 

ion distribution, the intensity at the tail of the beam is much smaller than that at the 

centre region and it is not strong enough to sputter materials but is sufficient to cause 

amorphization that induces substrate swelling. Normally, the intensity to cause 

swelling is two to three orders of magnitude lower than the optimized sputtering 

intensity and the swelling disappears if the intensity increases, as reported by several 

research groups (Stanishevsky, 1999; Frey et al., 2003; Lugstein et al, 2003). During 

channel milling, the FIB always has a tail region that possesses the right dose to cause 

maximum swelling. 

 

Also, the ion irradiation generates electric charges that might cause drifts of the ion 

beam or damage to the feature being milled or the overall device structure. Thus non-

conductive materials are usually coated with a nanometer-thick layer of conductive 

material, most often Cr, Au (AuPd) or Cu (Tseng et al., 2005;Prenitzer et al., 2003), 

prior to FIB machining. 
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2.2.6 Simulation of ion sputtering and FIB milling 

As discussed earlier process specifics like incident angle dependency, re-deposition 

and backscattering are inseparable part of the FIB milling process and have a 

significant influence on the FIB machining outcome. Thus they should always be 

taken into consideration when designing a FIB milling procedure. That, however, is 

not a straightforward task and attempts have been made to predict the FIB milling 

outcome by simulating the process.  

 

A software package, TRIM (TRansport of Ions in Matter), has been widely used for 

predicting the sputtering yield for many different ions at a wide range of energies. 

TRIM is a comprehensive Monte Carlo program, which calculates the stopping ranges 

of ions into matters by applying a quantum mechanics in describing analytically ion–

atom collisions (Biersack and Haggmark, 1980). The calculations are made efficiently 

by the use of statistical algorithms, which allow the collision results to be averaged 

over the intervening gaps. Especially, with the use of TRIM the distribution of ions 

and the kinetic phenomena associated with the ion’s energy losses can be studied, 

including target damage, phonon production, ionization and ion reflection, 

implantation and sputtering. 

 

While TRIM has proved to be very efficient for simulating of the purely physical 

sputtering other software tools are necessary to model the milling process when 

producing complex and/or 3D features. Especially, such simulation software should 

take into account the effects of FIB milling specifics like angle-dependent sputtering, 

re-deposition and backscattering with regard to the dimensions of the target structure.  

Kim et al. (Kim et al., 2007 a) proposed such tools, in particular AMADEUS 2D 
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(Kim et al., 2007 b) and AMADEUS 3D simulators.  Especially, the AMADEUS 3D 

software could be used to simulate the resulting surface topography after FIB 

machining that takes into account the angle-dependent sputtering yield and the effects 

of redeposition. The development of tools with 3D simulation capabilities were also 

reported by other researchers in the field (Katardjiev et al., 1994; Vasile et al., 1999). 

 

The IonShaper® (Platzgummer et al., 2006) simulator considers both the angle of 

incidence dependant sputtering and the redeposition but when utilised for 3D feature 

simulations showed substantial discrepancies between the profiles predicted by the 

software and the actual ones (Rommel et al., 2010). Also, a major drawback of this 

software is that 3D simulations can only be performed for axisymmetric features.  

Svintsov et al. (Svintsov et al., 2009) proposed another simulation model and by 

applying it an improvement of the simulation accuracy was reported. This model was 

implemented in the IonRevSim software (Zaitsev et al., 2009) that was specially 

developed for FIB and multi-ion beam (Dietzel et al., 2006) applications and takes 

into account the angular-dependency of the sputtering rate. The software simulates the 

sputtering process during FIB machining based on the isotropic local etching model 

(Svintsov et al., 2009; Zaitsev et al., 2009). This model allows for the 3D ion 

sputtering process to be simulated by varying some external parameters, such as 

sputtering sensitivity (sputtering rate), number and shape of layers, area step size and 

beam diameter. In addition to its simulation capabilities, the IonRevSim software 

provides a data preparation solution that serves as a tool for estimating/calculating the 

FIB processing parameters that should be applied to produce a given structure. 
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2.2.7 FIB milling of complex 3D features 

Process specifics like beam spot sizes in the nanometer range and being a direct-write 

(maskless and resistless) technology determine the flexibility and high resolution 

patterning capability of the FIB technology. Those capabilities enable the utilisation 

of FIB milling for the reliable realisation of precise complex and/or 3D features. 

However, due to the redeposition effects and the incidence angle dependant 

sputtering, the FIB milling is feasible for producing structures with AR not much 

higher than 1 (Kim et al., 2007 a). Despite this, the capabilities in regard to achievable 

shapes, low surface roughness and the wide range of materials that can be machined, 

make FIB milling highly efficient for the fabrication of complex patterns. The 

structuring of 3D shapes, however, requires some specific “data preparation” steps 

before the actual milling can be performed. 

 

2.2.8 Data preparation for 3D FIB structuring  

Two main data preparation approaches can be applied for FIB milling of 3D patterns: 

the use of bitmap data files employing the built-in software of the FIB systems or 

GDSII data files where the FIB milling process is externally controlled by 

conventional lithography software (Lalev et al., 2008). 

 

In the first case each bitmap data file represents a cross-section of the 3D structure, 

i.e. it can be regarded as one slice from a stack of slices defining a given 3D shape. 

Therefore, a sequence of such cross-sections or a stack of bitmap files are necessary 

to produce a 3D feature/structure. As they are processed one by one with the built-in 

FIB software while the probe current and milling time for every single file has to be 

specified manually, this is a very slow and impractical approach. In addition, the 
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precise alignment of the layers cannot be guaranteed and also errors in the layers’ 

exposure order are possible. Thus, this approach can compromise the accuracy of the 

targeted 3D structure. 

 

In contrast, the second approach allows for creating and exposing of the whole 3D 

model as a single file. Standard CAD packages are used to create the 3D models of 

the targeted structures and then they are exported into neutral data files using 

stereolithography (STL) format. This file format is used due to its acceptance as an 

industry standard data exchange format for layer-based manufacturing and its 

simplicity. However, the STL files cannot be applied for FIB milling directly, and 

therefore they have to be converted into the GDSII stream file format. It can be 

utilised to mill 3D features directly, while the FIB is externally controlled by 

lithography software. The GDSII files can be utilised to realise two different FIB 

machining modes, in particular layer-based and quasi-stationary modes presented 

schematically in Figure 2.8. 

 

In the first mode the 3D geometry is defined as a stack of layers ordered along the 

vertical axis of the feature or structure (Figure 2.8 a). Each layer represents a cross-

section of the 3D model at a given height along its z-axis. The number of layers 

determines the accuracy of the feature/structure that will be produced. In general, a 

bigger number of layers will result in a better resolution and profile accuracy. 

However, there might be some constraints regarding the number of layers that can be 

used to represent a given 3D model due to some limitations of the lithography 

software. All the layers are machined in a strict bottom-to-top sequence.  
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Figure 2.8 FIB machining modes: a) layer-based and b) quasi-stationary. 
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In the second mode the overall exposure dose for a given 3D structure is divided into 

a number of smaller doses. Each of them is assigned to an exposure pixel of the 

model. The dose at each pixel is determined by the targeted structure depth at any 

respective point. This could roughly be viewed as a vertical slicing of the model, as 

shown in Figure 2.8b. 

 

To facilitate the file generation and also to minimise the number of translations 

between software formats new software for data preparation and generation, 

IonRevSim, was developed specially for FIB machining (Svintsov et al., 2009). One 

of its advantages is that, when utilised in its layer-based mode, there is no upper limit 

to the number of layers that can be used to define a structure and the maximum 

number is determined by the minimum layer thickness.  Furthermore, when the GDSII 

file is transferred to the lithography software all the pre-defined layers are embedded 

into one ‘zero’ layer and therefore the ‘maximum 64 layers’ restriction posed by the 

software can be eliminated.  

 

Even though there are simulation tools available to estimate the sputtering rate and the 

resulting layer depth after FIB machining it is not a trivial task to set up the 

processing parameters so that the actual structure’s depth matches the targeted one 

(Velkova et al., 2011b).  

 

2.2.9 Overview on the FIB milling capabilities  

Since the early developments (Seliger et al., 1979) the FIB technology has been 

improving continuously in terms of processing capabilities and achievable resolution 

of the patterned structures, especially in lateral dimensions. The FIB technology 
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developments were aimed at achieving sub-micron structuring, and nowadays all new 

FIB systems’ configurations are targeting nanometre-size patterning (Gierak, 2009). 

 
Indeed, many research teams have reported patterning of 2.5D structures like channels 

(Prenitzer et al., 2003; Hopman et al., 2007;), gratings (Wang et al., 2007; Li et al., 

2010; Vick et al., 2010) and holes (Kapsa et al, 2004; Hopman et al., 2007) of 

micron, submicron and nanometer dimensions with relatively low surface roughness 

(Urbanek et al., 2010). Furthermore, by implementing layer-based milling combined 

with specific data preparation techniques, several researchers (Lalev et al., 2009; 

Svintsov et al., 2009) reported the fabrication of 3D structures in fused silica (SiO2) 

with features of approximately 1.5 µm in lateral dimensions. Furthermore, using 

solely FIB Scholz et al., (2009) reported the production of micro lenses in silicon and 

then the machining of nano lenses on their concave surfaces with high shape and 

positional accuracy. However, as it was mentioned in the previous section, the correct 

estimation of the resulting overall feature depth obtainable in FIB milling is still a 

major issue.  

 

A big challenge to the successful implementation of the FIB milling process in 

economically viable practical applications like master-making process chains is the 

high processing time dictated by the low material removal rates of the process. To 

overcome this limitation FIB milling could be used for structuring in the 

submicron/nano dimensional range on top of micro-features produced by employing 

other technologies. Alternatively, FIB could be applied to structure small arrays of 

submicron/nano features, which can then be replicated over a larger area. However, to 

be able to benefit fully from the advantages that the FIB milling technology offers,  

further investigations and development efforts are necessary to address successfully 
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its limitations. 

 

2.3 Summary 

In the first section of this chapter the concept of process chains is presented and the 

advantages and disadvantages of their implementation for the production of 

components incorporating features with millimetre, micrometer and nanometer 

dimensions, such as tools for serial replication, are discussed. Then, the most widely 

used production technologies in micro- and nano- manufacturing are reviewed and 

their possible applications in cost-effective manufacturing routes are discussed with 

regard to their advantages and limitations.  

 

The second section reviews various aspects associated with the use of the FIB 

technology. To justify its cost-effective implementation in process chains for serial 

manufacture its principle of operation, working modes and applications were 

analysed. The advantages and limitations of the FIB technology in performing 2.5D 

and 3D patterning are discussed in details and the opened research issues that restrict 

its broader use are identified.  

In this Literature Review Chapter the following issues were identified for 

investigation:  

• A number of factors like process compatibility, complementarity, and 

alignment issues should be taken into account for the successful 

implementation of a process chain. Further investigation of those factors on 

master - manufacturing routes as well as the verification of an actual process 

chain for high throughput production is necessary.  

• The influence of constraints like the low material removal rate on the overall 



62 
 

cost-effectiveness of the process chain should be examined, especially when 

the production of 3D features with tight tolerances is required. Also its 

compatibility with other technologies for micro and submicron structuring, 

preceding or following it immediately, should be studied further.  

• A major issue in FIB milling is that the feature’s milled depth cannot be 

predicted accurately. That is particularly problematic when 3D patterning is 

concerned. Therefore a thorough investigation of the process parameters and 

their impact on the milled depth is carried out in this research. 

• The FIB technology can be used to structure virtually all kinds of materials, 

with the amorphous materials exhibiting better response to ion sputtering than 

crystalline ones. Properties like high hardness, fracture toughness and fatigue 

strength make the amorphous alloys very appropriate for fabrication of 

masters for serial replication. Thus their FIB machinability needs to be studied 

with emphasis on the vertical direction i.e. milled depth. 
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CHAPTER 3 

 

DESIGN AND VALIDATION OF A NOVEL MASTER-

MAKING PROCESS CHAIN FOR ORGANIC AND 

LARGE AREA ELECTRONICS ON FLEXIBLE 

SUBSTRATES 

 
3.1 Introduction 
 
In this chapter a novel combination of complementary technologies is proposed to 

fabricate masters for serial replication. It explores the notion that the use of any 

particular technology is viable only within a given optimal processing window, and 

therefore a sequence of processes should be applied for producing cost-effectively 

complex structures, e.g. incorporating different FLSI features. The proposed process 

chain utilises the electroforming technology for producing nickel replication tools 

with relatively high hardness and wear resistance. Also, this technology allows 

features of more complex shapes and various scales to be replicated, which in turn 

makes possible the use of a wide range of technologies for structuring and fabrication 

of the electroforming masters.  

Three main objectives were set when designing and implementing this process chain, 

in particular: 

1. to develop a manufacturing platform for serial fabrication of organic electronic 

devices, especially to validate it for R2R serial imprinting of large area 

organic electronic devices; 
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2. to investigate whether the FIB technology could be used cost-effectively for 

serial production; 

3. to explore the capabilities of the FIB milling process for achieving FLSI into a 

single product.  

 
3.2 Process Chain Design 
 
The proposed process chain for fabricating Ni shims that can be used as masters for 

serial replication is presented in Figure 3.1. It employs the FIB technology to machine 

precisely very complex nano and micro 2.5D and 3D structures (Scholz et al., 2009). 

However, this technology can be applied for patterning accurately and cost-effectively 

only relatively small areas, e.g. up to 100x100 µm without stitching, due to its low 

material removal rates. Thus, it is not suitable for structuring bigger surfaces. Hence, 

to make the best use of this process, it should be applied only for patterning of 

relatively small areas, e.g. the machining of sub-micron and nano-structures on 

nanoimprint lithography (NIL) templates (Li et al., 2007 a). Micro structuring, which 

usually is required for patterning larger areas of the masters/templates, can be 

performed more efficiently by employing other technologies such as photolithography 

or laser ablation. Therefore, by structuring a template in two stages, first by 

performing micro and then high resolution sub-micron and nano patterning, the 

fabrication time can be reduced drastically and thus the cost effectiveness of such 

master-making process chain can be improved significantly. Then, by employing Step 

and Flash Imprint Lithography (S-FIL) (Resnick et al., 2005) it is possible to use such 

templates to pattern 4” or 8” wafers, which can be used as masters for the subsequent 

electroforming process. Finally, Ni shims fabricated in this way can be integrated onto 

R2R rollers, and thus, used for imprinting of UV- and thermally curable polymers. 
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Figure 3.1 The stages of the proposed master-making process chain 
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A more detailed description of the different “component” technologies and steps that 

are integrated in the proposed process chain is provided in the following sub-sections. 

 

3.2.1 Data preparation 

This initial stage of the process chain involves the CAD design of the desired 

structures and the follow-up data preparation for their machining. For relatively 

simple features like 2.5D channels bitmap data can be designed externally and 

uploaded into most of the FIB systems, or can be created directly using their build-in 

pattern generators. A more sophisticated approach requires the use of a lithography 

software and hardware like Elphy Quantum (Raith GmbH) or Nanomaker where 

various 2D shapes can be easily designed, multiplied, and if necessary the respective 

exposure doses specified. However, the generation of complex 3D shapes like 

diffractive optical elements, necessitates a different approach. It was proposed to 

realise such 3D structures by designing their features in any 3D CAD package and 

then, by following a sequence of translational operations, the 3D geometry to be 

converted into a stack of layers ordered along the vertical axis of the model (Lalev et 

al., 2008). After such a ‘slicing’ step, the model is exported into a GDSII stream file 

format and each GDSII layer represents a set of exposure pixels defining a cross-

section, a slice, of the model at a given point along its vertical axis. 

 

3.2.2 Template structuring 

The next stage of the process chain involves fabrication of the template necessary for 

UV-NIL. The patterning of the template mesa is performed in two stages: micro-

structuring and nano structuring, respectively. The material used for the UV-NIL 

templates is fused silica as it has to fulfil several very important requirements, in 
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particular, the workpiece must have a good transparency in the UV region, it should 

be amorphous, since the lack of polycrystalline structure is a pre-requisite for 

patterning surfaces with very low roughness by dry etching and/or FIB machining, 

and must have a good wear resistance. 

 

Micro structuring 

This stage involves mainly the usage of two technologies: photolithography and laser 

machining, which are cost-effective for micro structuring relatively large areas (up to 

tens of cm2) of the template with a good dimensional accuracy and surface roughness. 

Especially, F2 laser ablation can be used for direct structuring or in projection mode 

for machining the mesa of fused silica templates without triggering any material 

crystallisation (Lalev et al, 2009). The later is an important issue since any phase 

transformations would have affected the machining results of any subsequent nano-

structuring steps employing FIB. In case of photolithography, after exposure, a 

follow-up step is required to transfer the pattern to the mesa by dry etching. It is worth 

pointing out that there are certain drawbacks associated with such a micro-structuring 

step. In particular, if photolithography is employed, the resolution is limited to 1 

micrometer (Maalouf et al., 2009), a mask is required, the 3D patterning capabilities 

are limited and a subsequent dry etching is necessary. F2 laser ablation is an attractive 

alternative solution due to its direct structuring capability, however it should be noted 

that this machining route is significantly more expensive than the photolithography 

one and the achievable resolution is around 5 micrometers. The structuring times of 

both technologies are within the minute range. 
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Sub-micron and nano structuring 

The next stage in the process chain is FIB machining of sub-micron and nano features 

over the pre-existing micro topography.  

The FIB milling process offers many advantages, e.g. flexibility, high resolution and 

high surface quality that are extremely important for master making (Scholz et al., 

2009; Youn et al., 2006). However, a major disadvantage of this technology is its 

relatively low removal rates. To address this issue a multi-ion beam concept was 

proposed that combines the high resolution capabilities of the FIB technology with the 

higher throughput advantage of parallel lithography systems. In particular, to satisfy 

the requirements for high productivity, a projection maskless nano-patterning (PMLP) 

system is under development (Platzgummer et al., 2008). Its working prototype, 

which incorporates 48,000 beams working in parallel, demonstrated a significant 

increase of the removal rates and improved resolution compared to conventional 

single focused ion beam systems. 

 

Another important issue when structuring processes are integrated in process chains is 

the alignment of new features to any pre-existing features/topography on the wafer or 

workpiece. In the proposed chain this alignment could be realized either by manually 

positioning the sample stage while inspecting the sample in SEM or FIB imaging 

mode, or automatically, by using “feature recognition” option available in some FIB 

systems to find alignment marks machined in the previous processing steps. 

 

Finally, an ion beam sputtering simulation software can also be employed to reduce 

some negative effects such as re-deposition of sputtered material and over-etching 

(Svintsov et al., 2009). Its utilisation as a data pre-processing step before FIB milling 
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makes possible the optimisation of the process parameters and even model 

modifications in order to counteract the material re-deposition.  

 

3.2.3 UV-NIL imprinting 

The multiplication of the features, structured on the fused silica templates, onto a 

wafer is carried out through UV-NIL. As discussed in the previous chapter the UV-

NIL and especially the S-FIL process offer several major advantages, compared to the 

thermal NIL, that make it the better option for the simultaneous imprinting of nano 

and micro patterns (Resnick et al., 2005). In particular, the process capability to 

pattern uniformly large surface areas and imprint micro and nano-features 

simultaneously, as well as the absence of thermal expansion and the possibility to 

imprint even complex 3D topographies were considered crucial for the cost-effective 

implementation of this process chain. Therefore, the S-FIL technology was selected 

for the proposed master making manufacturing platform. 

 

3.2.4 Electroforming 

This stage is necessary in order to fabricate replicas in Ni of the S-FIL imprinted 

wafers and then to utilise them as masters for serial replication. The electroforming 

process allows very precise replicas of wafers with nano- and micro-topography to be 

produced (Tang, 2008). Furthermore, it is a relatively fast and inexpensive way for 

fabricating robust tools, Ni-shims, which can be used as hot embossing stamps, skins 

for R2R rollers and injection moulding inserts for serial production of polymer 

components (Leech and Lee, 2006). 

 

Finally, it should be noted that the proposed master making process chain can also be 
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implemented for serial production of components in Ni resembling the direct LIGA 

process (McGeough et al., 2001). Since the latter is not within the scope of this 

research it will not be discussed further. 

 

3.2.5 Serial replication 

The proposed master-making process chain can be used for a number of serial 

replication technologies for scale-up micro manufacture including micro-injection 

moulding (µIM), R2R imprinting and hot embossing (HE) together with some of their 

variations such as compression injection moulding and R2R thermoforming (Heckele 

and Schomburg, 2004).  

 

To make the best use of their specific features, such as high-throughput manufacture, 

replication of different length-scale structures at relatively high speed and the wide 

range of materials that can be processed, R2R imprinting was selected as a serial 

replication process to validate the proposed process chain in this research.   

 

3.3 Experimental Set-up 

3.3.1 Test device 

To test the proposed master-making process chain a single device organic thin film 

transistors (OTFT) was selected. With commonly used low-cost industrial patterning 

and printing technologies for producing such devices, the maximum operation 

frequencies that can be expected from organic logic gates are in the 10 kHz range due 

to the limited resolution of these techniques; the minimum achievable channel length 

is in the range of 10 µm. By applying the new process chain it will be possible to 

reduce the critical dimensions of OTFT towards the submicron channel length regime, 
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Figure 3.2 The OTFT design a) overall view, b) magnified central area, and c) the 

interconnecting trenches to be structured by FIB. 
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 and thus to achieve switching frequencies in the MHz region. Apart from achieving 

this downscaling, the minimisation of the parasitic capacitance is another contributing 

factor in reducing the switching time. To validate this, together with the capabilities 

of the proposed process chain, the OTFT design presented in Figure 3.2 was used. 

Figure 3.2a shows the photomask design. The test device comprises of different 

layouts of pads, connectors-width-to-distance tests, areas for channels to be machined 

by FIB (Figure 3.2c) and various test-structures parallel and perpendicular to the R2R 

imprint direction.  

 

The main functional structure of the device consists of multiple micro-channels as 

shown in Figure 3.2b that are interconnected through micro- and sub-micron trenches. 

Also, this design is a good example of a proper implementation of the FLSI concept 

(Bigot et al., 2009) as it incorporates both micro- and sub-micron dimensional 

features on a millimeter-scale area. A magnified image of the center of the OTFT 

design is shown in Figure 3.2c. As it can be seen on the sketch, the interconnecting 

channels vary in size. The minimum trench width is 450 nm, followed by 600 nm, 900 

nm, 1.2 µm, 2.4 µm and 5 µm. Their length is determined by the distance between the 

big micro channels and is in the range from 11.25 to 60 µm. The targeted depth of the 

whole structure is 450 nm. 

 

3.3.2 NIL template fabrication 

A fused silica template with a mesa, with dimensions 25x25 mm and height of 30 µm 

was manufactured by grinding, prior to the micro structuring stage. Then, the micro 

channel structures, including the 5µm interconnecting trenches in the template, were 

produced by photolithography. Microposit S1813 photoresist was spun on the mesa at 
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4000 rpm giving a film thickness of ~1.8 µm after baking at 97 ºC for 2 min. The 

template was then placed in the Karl Suss mask aligner for exposure. The resist was 

exposed using a UV light (365 nm wavelength) for 6 sec. A developer solution with a 

ratio of 6:1 DI water to Microposit developer 2401 was used. The developing time 

was 45 sec. The template was then rinsed in DI water and then dried with N2 gas.   

Following the photolithography step, dry etching was used to transfer the pattern into 

the fused silica. To carry out this operation an Oxford Instrument PlasmaPlus 80 

reactive ion etching (RIE) system was used. The resist acted as a dry etching mask 

with a selectivity of 3:1 to the fused silica. A mixture of 80 % carbon tetraflouride 

(CF4) and 20% oxygen (O2) was used as an etching gas. The template was etched for 

20 min at 40 mTorr pressure applying 100 W RF power.  

 

The sub-micron and some of the micro channels on the active area of a UV-NIL 

template were machined by FIB milling on a Carl-Zeiss XB 1540 FIB/SEM cross-

beam system. The build-in pattern generator was used to design the channels. To 

avoid charging, the template was coated with 20nm Cr film. The submicron and 

micron trenches up to 2.4 µm were machined on the template by applying probe 

currents ranging from 50 to 200 pA. Their alignment to pre-existing structures on the 

template mesa was performed manually by utilising the imaging capabilities of the 

FIB system. Figure 3.3a shows part of the central area of the OTFT with the FIB-

structured interconnecting trenches.  

 

3.3.3 NIL and electroforming 

An UV-NIL system, Imprio 55, was employed to multiply the template topography on 

a 4” wafer employing the S-FIL process. The imprinting was performed on a double- 



 

Figure 3.3 Central area of the OTFT with the interconnecting trenches on a) the FIB

structured template and b) the NIL imprint of the template
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sided polished silicon wafer spin-coated with a 60nm thick layer of DUV30J, which 

served as a planarization layer and a bottom anti-reflective coating (BARC). After 

stripping the Cr coating the wafer and the template were mounted into the NIL 

system. Utilising a drop-on-demand build-in dispensing system, an array of pico-litre 

sized drops of a low viscosity monomer, MonomatTM, was spread over the imprinting 

field before the template was lowered onto the drops. When the surface tension of the 

liquid is broken, capillary action draws the fluid into the template features and thus 

spreading the resist across the template active area. Then, the fused silica template 

was exposed to 355nm UV light in order to cross-link the monomer and solidify it. 

Finally, the template is withdrawn, leaving an exact replica of the structured template 

on the wafer surface. To multiply the template topography the process is repeated to 

imprint an array of fields. Part of the central area of the OTFT on one of the NIL 

imprints is shown in Figure 3.3b. 

 

For the 4” (round) Ni shim fabrication a commercial electroforming system, Digital 

Matrix SA/1m, was utilised. The parameters used to carry out the electro chemical 

deposition were as follows: electrolyte: Nickel Sulfamate, bath temperature: 50oC, 

head rotation speed: 30 rpm, pH 3.96, current density: 0.1/0.5 A/dm2, waveform: 

Spiked down/Ramp down, cycle time: 10 ms. The obtained shim had a thickness of 

100 µm. The central area of transistor on the shim is presented in Figure 3.4a 

 

3.3.4 R2R hot embossing 

The VTT’s Pico pilot production facility, shown in Figure 3.5a, was used to test the 

shim produced applying the proposed process chain. The machine consists of two 

gravure printing units for thin film deposition and a hot embossing unit. The  



 

Figure 3.4 Central area of the OTFT after a) electroforming of the NIL imprint, and b) 

R2R imprinting of the shim
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R2R imprinting of the shim 
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prefabricated shim was laser welded to a sleeve which was then mounted on the R2R 

hot embossing machine. The sleeve with the shim is shown in the Figure 3.5b. 

 

For R2R tests, mr-I 7030E resist was deposited using forward gravure printing on top 

of PET Melinex ST504 substrate. The printing cylinder parameters were: mesh 64 

lines/cm, depth of cell 44 µm and transfer volume 13 ml/m2. Printing speeds of 2, 4, 6 

and 8 m/min were used during the resist deposition and then dried with hot air, which 

temperature was 120 °C. Based on a carried out visual inspection the best printing 

speed for consistent deposition of  high quality films was determined to be 4 m/min. 

The layer thickness of the resist was measured using a Wyco optical profilometer and 

it was 300 nm. 

 

After the resist deposition, R2R hot embossing was performed. The embossing speed 

was 10 m/min, and the applied pressure was 4 bar at a temperature of 120 °C. Figures 

3.5c and 3.5d show the hot embossing roll used in the carried out tests and a zoom-in 

image of the replicated structure, respectively. Figure 3.4b shows the R2R imprint of 

the transistor’s central area seen on the Ni shim in Figure 3.4a. 

 

3.3.5 Inspection 

SEM images of the features were taken using Carl-Zeiss XB 1540 at each stage of the 

process chain and then analysed with the build-in SmartSEM software. 50 pA FIB 

probe current was used for making cross-sectional cuts of the inspected structures 

(Figure 3.6). To minimize the measurement error all images were taken at 3 kV EHT 

and the same SEM aperture. After a calibration with a reference sample, the 

measurement error of the instrument in XY direction was assessed to be in the range  
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Figure 3.5 R2R replication process a) VTT’s Pico R2R hot embossing installation, b) 

a roller with an integrated Ni shim, c) an imprinted PET roll and d) a zoom-in of the 

imprinted PET roll 
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of 1 to 3 %. All the samples were measured at 36 degree tilt in order to be able to 

image the vertical walls of the structures. In addition, the “tilt compensation” option 

of the SmartSEM software was utilised in order to measure accurately the features’ 

height. Cross-sectional SEM images of the 450 nm channel on the quartz template, S-

FIL imprinted wafers, the Ni shim and the R2R replica are presented in Figure 3.6. 

 

3.4 Discussion 

3.4.1 Analysis of the results 

The experimental results obtained after each step of the proposed process chain are 

discussed in this section. As the OTFT channels had tapered sided walls, the 

measurements of their width were taken at the bottom, top and in the middle of each 

structure. The full width at half maximum (FWHM) value of the channels was used to 

compare the results after each step of the proposed process chain. Table 3.1 shows the 

measured FWHM values of the channels. 

 

The difference between the width of the channels of the template and the NIL imprint, 

in percentage, is shown in Figure 3.7. It is not difficult to see that there is a tendency 

the difference to decrease with the increase of the channel width. This can be 

explained with the fact that with the increase of the width the aspect ratio of the 

features decreases due to the constant depth of the channels. In particular, it is more 

difficult to machine high aspect ratio channels and any deviations during the template 

structuring affect the follow-up replication processes. In addition, it should be taken 

into account that the relative measurement error, in percentage of the nominal width, 

increases with the decrease of the nominal dimensions of the channels. The average 

difference for all channels is around 5.6 %, which is more than have been expected. 
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Figure 3.6 SEM images showing a cross-sectional cut of a 450 nm channel on a) the 

fused silica template, b) the NIL imprinted replica of the template, c) the Ni shim 

fabricated from the NIL imprinted master and d) the R2R replica of the shim 
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Table 3.1 FWHM values of the channels measured at each stage of the process chain 

Target width 
[nm]  

Chain’s stage  
450 600 900 1200 2400 5000 

Template 379.3 481.5 812.1 989 2232 4995 

NIL imprint 343.6 457.5 743.8 920.3 2126 4800 

Ni shim 348.4 477.2 750 912 2141 4846 

R2R imprint 664 753.4 1181 1331 2802 5406 
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 This result could be explained with the resist shrinkage after the UV curing, which 

was expected to be approximately up to 3% for MonomatTM (Resnick et al., 2005), the 

measurement errors and the used exposure parameters, in particular curing time, that 

were not  optimised. 

 

Also, Figure 3.7 shows the difference in percentage between the channels’ widths of 

the imprints and the Ni shim produced with them. As expected the tendency of the 

features with bigger lateral dimensions and low aspect ratios to replicate better was 

observed again. With an average deviation of 1.5 %, the Ni shim appears to be an 

excellent replica of the NIL imprints. 

 

The changes of the FWHM values for all channels after each processing step are 

shown in Figures 3.8a and 3.8b. In spite of the fact that there is a relatively big 

difference between the size of the channels on the R2R replica and the template it is 

clear that the plotted lines are relatively parallel, since the difference of the respective 

FWHM values for all channels is almost constant, approximately 300 and 500 nm for 

the sub-micron and micron channels, respectively. This shows a high level of 

consistency in replicating the fused silica and NIL masters, and also indicates very 

good process compatibility between the component technologies in the process chain, 

especially for the targeted length scale range. 

 

The big deviation in the FWHM values of the R2R replica channels and those of the 

Ni shim can be explained with the use of embossing parameters that were not 

optimised, especially the embossing temperature. In addition, the phenomenon known 

as polymer relaxation is expected to contribute to this (Kong et al., 2006; Harsono et  
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Figure 3.7 The percentage difference in imprint features’ dimensions with regard to 

the template and the Ni shim 
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Figure 3.8 FWHM of the channels’ width, a) the sub-micron channels b) the micron 

channels 
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al., 2006). However, it is important to state that this deviation can be minimised by 

modifying the device models or by introducing measures to “freeze” the polymer 

immediately after the thermal imprinting step. Since the main objective of this 

research is to design and validate a process chain for a reliable fabrication of serial 

replication tools incorporating the capabilities of the FIB technology, the optimisation 

of the R2R process parameters is not discussed in this study. 

 

The significant difference between the channels’ aspect ratios on the Ni shim and on 

the R2R replica – Figure 3.9 can be explained again with the effects of the polymer 

relaxation after the replication step and the insufficient embossing temperature. It can 

also be seen from Figure 3.9 that these effects on the replica are strongly pronounced 

for the features with higher aspect ratios. In addition, Figure 3.10 shows that the 

difference in percentage between the widths of the channels on the shim and on the 

R2R replica, and their respective heights are almost the same, with only a 4% 

average. This can be attributed to the fact that after de-moulding, the molecular chains 

tend to regain their original shape, and thus to keep constant the volume of the 

structures. Thus, the channel height decreases in order to compensate for any 

expansions in the XY plane. 

 

3.4.2 Error factors 

When different technologies are integrated into process chains the possible causes of 

faults or errors at each stage of these chains should be taken into account, and the total 

error at the end should be analysed carefully. Thus, a sound judgement of whether and 

how such errors could affect the outcome could be made as well as an assessment of 

the overall performance of a given process chain in terms of cost and production time.  
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Figure 3.9 Channels aspect ratio for the Ni shim and the R2R replica 
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Figure 3.10 The percentage difference between R2R and Ni shim features in vertical 

and horizontal directions  

  



88 
 

As discussed earlier in Section 2.1.5 generally the possible sources of error for every 

process can be associated with: the process, equipment, human factor and 

environment. Following this classification the possible error factors for each of the 

processes in the proposed process chain are summarised in Table 3.2. With the 

presumption that the human factor can have an effect on every process it is not 

considered separately for each stage. 

 

It should also be noted that apart from the stated technology-associated error factors, 

the measurement errors could have a major influence on the outcome and thus affect 

the whole effectiveness of the process chain. Therefore, the measurement uncertainty 

should always be accounted for. The procedure for determination of the uncertainty of 

the used measurement instruments, in this case SEM, is described in details in 

Appendix A. The uncertainty, U, of the FWHM values of the channels, was calculated 

following an established procedure (Kirkup and Frenkel, 2006): )(. xukU c= , where k 

is a 95% confidence interval (CI) coverage factor, and ∑
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the combined standard uncertainty, which includes the measurement uncertainty u(P) 

and x denotes the FWHM value. In this research u(P) was calculated as 3% of the 

measurand. Even though the calculations of the SEM uncertainty prove that the 

instrument was very well calibrated and quite accurate at the time (with measurement 

error of less than 1% for all tested magnifications – Appendix A), the expected error 

of the measuring instrument is in the range 1-3% (private correspondence with Carl 

Zeiss). Thus, as a conservative judgement, a value of 3% was used when calculating 

the measurement uncertainty u(P). Table 3.3 shows the FWHM values of the channels 

and the associated uncertainties, FWHM ± U, for all stages of the process chain,  



89 
 

Table 3.2 Possible error factors at each stage of the process chain 

Error  
Factor 

Chain  
Processes 

Process Equipment Environment 

Data Preparation 

1. Use of translators or 

any other programmes as 

intermediate steps during 

the data preparation 

 

2. The choice of 

algorithms and/ or 

approaches 

 

1. Software capabilities 

and limitations 

 

2. Generation and use of 

different file formats and 

their input into the 

system 

 

N/A 

Photolithography 

1. Resist properties with 

regard to exposure:  

• sensitivity, 

• thickness, 

• resolution 

2. Developer solution 

3. Dry etching 

1. Positioning errors due 

to manual alignment 

 

N/A 

Laser Ablation 

1. CAM tolerance 

2. Substrate uniformity 

 

1. Laser source 

2. Optics 

3. Galvo scanner 

4. Stage positioning 

Temperature 

FIB 

1. Data preparation  

2. Beam shift  

3. Surface charging 

4. Material machining 

response  

1. Stage accuracy 

2. Beam condition  

• probe current 

• beam focus, 

stigma and 

wobble  

Noise 

Vibrations 

Magnetic 

field 
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S-FIL 

1. Template accuracy 

2. Residual layer 

thickness 

1. Template and wafer 

levelling  

2. Stage accuracy  

3. Overlay alignment 

accuracy  

4. System levelling 

Temperature 

Vibrations 

Electroforming 

1. Current density 

2. Temperature 

3. Applied waveforms 

and frequencies 

 

1. Master resistance to 

the electrolyte 

2. Master cleaning before 

electroforming 

 

N/A 
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Table 3.3 FWHM values of the channels and their uncertainties for 95% CI 

 Template NIL imprint Ni shim R2R imprint 
Target 
Width FWHM  

U 
[nm]  FWHM 

U 
[nm]  FWHM 

U 
[nm]  FWHM 

U 
[nm]  

450 379.3 23 343.6 30 348.4 22 664 40 
600 481.5 34 457.6 40 477.2 29 753.4 44 
900 812.1 50 743.8 45 750 45 1181 73 
1200 989 74 920.3 60 912 54 1331 120 
2400 2232 146 2126 125 2141 126 2802 165 
5000 4995 296 4800 284 4846 295 5406 361 
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 whereas a more detailed data on the carried out calculations is provided in Appendix 

B. 

 

Even though it is difficult to estimate the influence of different factors at the various 

steps of the proposed process chain on its overall performance, the following ones are 

considered to have the highest impact: the measurement uncertainty including the 

system calibration and the human factor, the optimisation of the processing conditions 

of different component technologies, and material properties, especially the materials’ 

response to UV exposure and thermal curing. 

 

3.5 Summary and conclusions 

In this chapter a cost effective process chain for fabrication of Ni shims incorporating 

different length scale features was proposed and validated for R2R imprinting of 

organic electronic devices. In the study, the capabilities of photolithography as a 

micro structuring technology were combined with those of FIB milling to fabricate 

templates incorporating sub-micron and nano features on top of pre-existing micro 

structures. S-FIL process was employed for consistent multiplication of such 

templates on 4” wafers in order to replicate reliably different length scale features in 

one step. The transfer of such polymer replicas into Ni shims was also successfully 

implemented resulting in relatively negligible deviations from the targeted 

dimensions.  

 

The results of the research carried out in this chapter can be summarised as follows: 
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1. The deviations of less than 5% in the targeted dimensions of the respective 

2.5D features at the different steps of the process chain indicate good process 

compatibility of the selected manufacturing technologies for the particular 

length scale range. 

2. Even though it is hard to estimate the effects of error factors at each stage of 

the process chain and their possible influence on its overall performance, the 

careful selection of compatible and at the same time complementary 

technologies can minimise the overall uncertainty.  

3. A successful implementation of the FIB technology as a mean for high 

precision structuring at sub-micrometer and nano-scale level in a master-

making process chain for serial production was demonstrated. 

4. The proposed fabrication route for fabrication of Ni shims incorporating a 

wide range of micro and nano features can be used for high-throughput 

fabrication of organic electronic devices on flexible substrates employing 

serial replication technologies like R2R imprinting. 
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CHAPTER 4 

PROCESS CHAIN FOR SERIAL MANUFACTURE OF 3D 

MICRO- AND NANO-SCALE STRUCTURES 

 

4.1 Introduction 

In this chapter the capabilities of process chains as effective manufacturing platforms 

for high-throughput fabrication are explored further in regard to the production of 

FLSI products incorporating complex three-dimensional features. In addition, the 

advantages the FIB technology offers in terms of 3D structuring at micro- and nano-

level and its compatibility with the other component technologies are investigated.  

In this research, by adapting the process chain for fabricating replication masters, 

discussed and validated in Chapter 3, Ni shims containing 3D micro and nano 

(submicron) structures were produced and then employed for serial replication 

through hot embossing. In addition to validating this process chain as a potential 

solution for serial production of components containing complex 3D structures, the 

research presented in this chapter aims at proving that the designed manufacturing 

route is cost-effective for a large range of ‘interchangeable’ technologies, so long as 

they are implemented in their optimal process windows.  

 

4.2 Process chain design considerations 

When there are specific requirements in terms of producing complex 3D patterns of 

micron and submicron scales in the end product, several issues related to the choice of 

geometry and pattern generation should be accounted for during the design stage of 

the manufacturing route. The following sub-sections discuss these issues in detail. 
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4.2.1 Selection of 3D functional structures 

In many application areas like optics, optoelectronics and biomedical industry, the 

realisation of complex multiple 3D structures at micro and nano scales is a crucial 

issue that poses further constraints in designing and implementing successful FLSI 

manufacturing solutions. Such applications usually require structures like lenses and 

pyramids, having micron and/or nanometre dimensions, to be produced as large arrays 

rather than as single features i.e. structured surfaces containing numerous 3D features 

(Lee et al., 2006; Paivanranta et al., 2008; Yan et al., 2009). Usually, there are strict 

technical requirements in regard to such arrays of 3D features, e.g. geometrical 

accuracy, aspect ratio (AR), positional and alignment accuracy and field stitching, 

which make the design and implementation of cost effective solutions for their 

manufacture even more difficult. A major issue in manufacturing 3D structures at 

different scales in order to achieve FLSI arises from the high uncertainties associated 

with the achievable dimensional accuracy of the resulting profiles, especially in 

vertical direction (Lalev et al., 2008). Therefore, it is important to study the various 

factors affecting the process chains for 3D structuring starting from their designs and 

then going through their implementation stages. 

 

Arrays of pyramids are commonly utilised as functional features in various 

application areas. The micro pyramids, as structures incorporated into larger-scale 

products find important applications in the field of electronics, e.g. light emitting 

diodes and liquid crystal displays (LCDs) (Chen and Chien, 2006) and optical systems 

(Coquillat et al., 2008). They can also be utilised in micro-fluidic devices where 

pyramid structures located on the bottom of a 200 µm channel could facilitate and 

speed up liquids’ mixing or act as traps for microbeads (Toepke and Kenis, 2005). 
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Other application areas are micro-optical devices and MOEMS where arrays of 

pyramids are used to manipulate light in order certain improvements in the devices’ 

properties to be achieved. That is due to their geometry that allows multiple refraction 

and reflection of light, having the pyramids’ sides act like mirrors. Therefore it is 

important that the sides have very good surface roughness in the range from 3 to 5 nm 

(rms) (Trupke et al., 2006; Lin et al., 1998). 

 

Arrays of micro pyramids are also used to increase the light extraction efficiency 

(LEE) of light emitting diodes (LEDs) (Lee et al., 2007) as well as to enhance the 

brightness of LCDs (Lee et al., 2006; Lin et al., 2000). Especially, the pyramids in 

these applications are employed to manipulate light emitted at them in three different 

modes: direct and indirect recycle and effective refraction. For example, if placed on 

the top of polymer films, pyramids’ sides refract and reflect light so that it propagates 

through several of them. As a result redirecting and redistribution of light occurs thus 

increasing its intensity in the viewing angles ±35º. 

 

4.2.2 Pattern generation 

The patterning flexibility and sub-50 nm resolution that the Focused Ion Beam 

technology offers for 3D structuring are utilised in this study. As discussed in detail in 

Chapter 2, two main data preparation approaches are usually applied for FIB milling 

of 3D patterns: the use of 1) bitmap data files by software built-in in the FIB systems 

or 2) GDSII data files with the FIB milling process being externally controlled by 

conventional lithography software (Lalev et al., 2008). While they both are layer-

based milling approaches in their essence, the GDSII data files allow for a more 

flexible and faster structuring. Furthermore, due to the fact that all layers are exposed 
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as a single file thus eliminating the possibility of errors due to misalignment or mixed 

exposure order of the layers, features with better resolution and profile accuracy are 

usually obtained. Thus, since the aim of the structuring stage of a process chain is to 

successfully produce arrays of high resolution 3D features, GDSII data files were 

used for FIB milling in this research.  

 

4.2.3 Process chain 

The process chain for fabricating replication tools validated in the previous chapter is 

modified to fabricate Ni shims incorporating different 2.5D and 3D length-scale 

features. Usually for producing a structure or pattern with required dimensional 

accuracy, surface roughness, production time etc. several technologies can be 

considered suitable, when applied in their optimal process windows. In order to show 

that a wide range of such ‘interchangeable’ technologies can be cost-effectively 

implemented as component processes at various stages of the manufacturing route, 

several modifications were made to the process chain studied in Chapter 3, as shown 

in Figure 4.1.  

 

The initial concept of the process chain is maintained i.e. micron-sized area of 

accurately structured high-resolution features is replicated on 4’’ wafers through UV-

NIL process, and then the structures imprinted on the wafers are transferred onto Ni 

shims to be used as masters for serial replication. However, during the structuring 

stage and the micro structuring stage, in particular, the capabilities of laser direct 

writing are employed to produce 2.5D micron-sized features. The laser technology 

was preferred to photolithography as the structure design selected for this research 

had much smaller overall dimensions than the OTFT in Chapter 3. This eliminated the  



 

Figure 4.1 Technology steps of the selected process chain

 

Technology steps of the selected process chain 
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need of designing and producing an expensive mask and thus reduced the time needed 

to complete the structuring step of the proposed process chain. Since the FIB 

machining is the most suitable technology for producing accurately sub-micron and 

nano-scale structures of complex 3D geometries on a small area, it was applied at the 

nano-structuring stage of the proposed process chain.  

 

To validate the applicability of the fabricated masters for different serial replication 

technologies, the produced Ni shims were utilised to produce small series of parts 

through hot embossing (HE).  

 

4.3 Experimental set-up 

4.3.1 Template design 

The design developed to validate the process chain for serial production of complex 

features of different length-scale dimensions is depicted in Figure 4.2. The structure 

that was replicated consisted of 6 x 12 arrays of holes with diameters of 

approximately 20 µm, depth of 1 µm and around 10 µm spacing between them, and in 

each of them arrays of 3D features was fabricated. The 3D geometry selected for 

patterning was a negative pyramid with a square base of 2.2 x 2.2µm and height of 0.5 

µm. 0.2 µm was added at each side of the pyramids’ base of 2 x 2 µm to compensate 

for some potential errors during the FIB milling of the individual pyramids, like 

overlapping or sudden beam drifts. The pyramids were produced in a 4x4 arrays, as 

shown in Figure 4.3 a. 
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Figure 4.2 Design of the selected test structures 

 

 

 

 

 



 

Figure 4.3 Cross-sectional profiles of the 3D structures on: a) the fused silica 

template, b) the NIL imprinted replica of the template, c) the shim fabricated from the 

NIL imprint and d) the HE replica of the 
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template, b) the NIL imprinted replica of the template, c) the shim fabricated from the 
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sectional profiles of the 3D structures on: a) the fused silica 

template, b) the NIL imprinted replica of the template, c) the shim fabricated from the 
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4.3.2 NIL template fabrication 

The array of micro holes were machined employing a LPF220 excimer laser system 

with the following characteristics: pulse duration 26 ns, wavelength 157 nm, pulse 

energy 40 mJ, frequency 2 kHz, fluence 1.35 J/cm2 and demagnification optics 25X. 

Then, a Carl-Zeiss XB 1540 FIB/SEM system was used to produce the 3D patterns. 

The file containing the geometry data of a 2.2 x 2.2 x 0.5 µm negative pyramid was 

directly utilised by a conventional lithography software and hardware to complete the 

FIB milling operation. Raith lithography hardware and Elphy Quantum software were 

employed to control the FIB structuring externally. 

 

An analytical model of the pyramid was used to generate the GDSII file employing 

the IonRevSim software (Svintsov et al., 2009). As the software provides for both 

layer-by-layer and area dose assignment modes, a layer-based approach was specified 

with 100 layers for better profile accuracy and higher resolution. This model was 

transferred to Elphy Quantum software where the single negative pyramid geometry 

was multiplied into a 4x4 array of unique pyramids. That pattern was exposed with an 

area dose, defined by setting up of the associated processing parameters like dwell 

time, dose factor and area step size. A 100 pA probe current was utilised. 

 

The alignment of the pyramids in regard to the existing micro holes was carried out 

by manually positioning the sample stage while inspecting the sample in SEM or FIB 

imaging modes. However, an automatic alignment can also be realised by employing 

the ‘feature recognition’ option available on the system but it will require alignment 

marks to be introduced on the template. 
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4.3.3 NIL and electroforming 

After structuring the template at two different scales with the F2 laser and the FIB 

system, an UV-NIL system, Imprio 55, was employed to multiply the template 

topography on a 4’’ wafer with the S-FIL process (Resnick et al., 2005). The UV 

curable resist used to produce imprints on the wafers was MonomatTM (Lalev et al., 

2009).  

 

Next, the S-FIL imprinted wafers were used to transfer the structures on a Ni shim by 

electroforming (Tang, 2008). To assure uniform conductivity a 20 nm gold coating 

was applied. To fabricate the Ni shims a commercial electroforming system, Digital 

Matrix SA/1m, was employed. The process settings used to carry out the electro-

chemical deposition were: electrolyte Nickel Sulfamate, bath temperature 50oC, head 

rotation speed 30 rpm, pH 3.98, baume 37.8, current density 0.5A, waveform Spike 

down/Ramp down, cycle time 10 ms. The shims were grown to a thickness of 100 

µm. 

 

4.3.4 Hot embossing 

Finally, the Ni shim was validated as a stamp for hot embossing (HE) on the 

HEX03Jenoptik Mikrotechnik system. The HE process was performed with the 

following process settings: force 25 kN, holding time 60 s, temperature during 

embossing 140oC, cooling down/demolding temperature 85oC. HE was used to 

replicate the Ni shim on a small batch of a 5 µm thick PMMA sheets. 

 

4.3.5 Inspection 

SEM images (Carl-Zeiss XB 1540) of the micropyramids’ arrays were taken at each 
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stage of the process chain. The cross-sectional profiles of the micropyramids were 

analyzed with the built-in SmartSEM software. The cross-sectional cuts were 

performed with 50 pA probe current. To minimize the measurement error all images 

were taken at the same magnification (11kX), 10kV EHT and the same aperture. All 

features on the sample were measured at a 36o tilt allowing observation of the vertical 

walls of the 3D structures. The tilt compensation option of the SmartSEM software 

enables measurement of the ‘true’ value of the vertical dimensions. After calibration 

with a reference sample, the measurement error of the instrument in XY direction was 

assessed to be in the range 1 to 3 %. SEM images of the design, taken after each 

process stage, at a ‘tilt’ correction angle of 36o, are shown in Figure 4.3. 

 

4.4 Discussion 

An analysis of the resulting 3D structures at each stage of the process chain was 

carried out in two steps: (1) analysis of the lateral dimensions in the XY plane 

followed by (2) a detailed investigation of the resulting depths/heights of the 

structures along the z-axis. The resulting pyramids’ shape indications on the template, 

the imprint, the shim and the HE replica shown in Figure 4.3 were analysed and the 

obtained measurements are presented graphically in Figure 4.4. Eight arrays of 

pyramids were measured and each measurement was repeated 9 times. 

 

It is well known that the FIB technology produces extremely accurate features in 

terms of lateral dimensions (Lalev et al., 2008). However, their depths/heights, 

especially when milling 3D patterns, depend highly on the selected exposure dose, 

which in turn is specified through the combined adjustments of several FIB 

processing parameters, such as dwell time, beam current and number of layers 



 

Figure 4.4 Pyramid shape indication

magnified views for b) the first and the second, and c) the third and fourth pyramids 

in the row. 

shape indication at each stage of the process chain (a), and their 

views for b) the first and the second, and c) the third and fourth pyramids 
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at each stage of the process chain (a), and their 

views for b) the first and the second, and c) the third and fourth pyramids 
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(Velkova et al., 2011 b). In addition, factors like measurement errors and process 

uncertainty could contribute further to the obtained results along the Z axis.  

 

Table 4.1 presents the measured heights and widths of the pyramids, along with their 

calculated tolerance ranges. The consecutive pyramids in the row are denoted as P1, 

P2, P3 and P4, respectively. The tolerance range for each value in the table represents 

the expanded uncertainty, U, which was determined, following an established 

procedure (Kirkup and Frenkel, 2006), out of 9 repeated measurements and includes 

the uncertainty of the measuring instrument u(P). To account for the worst-case 

scenario the measurement uncertainty u (P) of the SEM was considered to be 3% of 

the measurands’ average value. The tolerance ranges for the target nominal values 

were calculated to be 130 nm, or: 2.2 ± 0.130 µm. 

 

4.4.1 Analysis of lateral dimensions in the XY plane 

The inspection of the template shows that the sides of the produced pyramids deviate 

on the average only 1.4 % from the specified 2.2 µm width. Even for the first two 

pyramids in the row, which exhibited the maximum deviation of 2%, those values 

were within the calculated tolerance range of the target width of 2200 nm, and could 

therefore be attributed to the measurement error of the instrument. 

 

The difference between the width of the pyramids on the template and the NIL 

imprints, in percentage, is shown in Figure 4.5a. The average difference is 2.9% and it 

is within the expected range. However, it can be seen that while the middle pyramids, 

the second and third, in the array appear to be more accurate imprints with just 1.9% 

and 0% deviation, respectively, the first and the forth pyramids deviate more, 5.3%  
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Table 4.1 Pyramids’ dimensions at each stage of the process chain 

  
  

P1  P2   P3 P4  
Width 
[nm] 

Depth 
[nm] 

Width 
[nm] 

Depth 
[nm] 

Width 
[nm] 

Depth 
[nm] 

Width 
[nm] 

Depth 
[nm] 

FIB 2156±127 366.1±22 2156±127 356±21 2187±129 356±21 2217±130 366.1±22 

NIL 2042±120 355.3±21 2115±124 355.3±21 2188±129 355,3±21 2115±124 354.2±21 

Shim 2125±125 364.6±22 2156±127 364.6±22 2167±127 354.2±21 2136±126 354.2±21 

HE 2142±126 350±21 2142±126 335±20 2172±128 335±20 2132±125 335±20 
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and 4.6%, respectively. These deviations from the template profile could be explained 

with the resist shrinkage after the UV curing, which was expected to be up to 3% for 

MonomatTM (Resnick et al., 2005), measurement errors, and the used exposure 

parameters, in particular curing time, that were not optimised. 

 

The difference between the template and NIL imprint profiles is not so significant but 

some slight shifts to the left of both the bases and the tips of the pyramids are 

observed, which become most evident in the forth pyramid in the row. However, the 

sides of the pyramids on the imprint appear to be parallel to their corresponding ones 

on the template indicating that there is a uniform offset in the pyramids’ shift and 

therefore the overall symmetry of the 3D structure is maintained. Possible reasons for 

the pyramids’ tips and edges to appear shifting gradually might be that the bottom left 

edge of the first left pyramid was always used as a reference to measure the individual 

features in the arrays, and also because the measurements were carried out always 

from left to right and not randomly. Furthermore, it can be seen from Table 4.1 that 

the values for each of the pyramids on the NIL imprint are within the tolerance 

intervals calculated for them. Therefore, this shift could be attributed to a 

measurement error that adds up as follows: 

 

( )
nm

PP IMPRINT
i

TEMPLATE
i

256)21152217()21882187()21152156()20422156( =−+−+−+−=

=−=∑ε
  

 

The accumulated total error of 256 nm is significant and indicates that the ‘in-chain’ 

measurement strategy applied is not the most suitable one. Therefore, by applying 

another measurement strategy, such as measuring the relative distances between the  



 

Figure 4.5 Percentage difference between the corresponding template, imprint and 

shim features’ dimensions a) in the XY plane, 

 

Percentage difference between the corresponding template, imprint and 

shim features’ dimensions a) in the XY plane, and b) along the z-axis 
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Percentage difference between the corresponding template, imprint and 
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pyramids’ tips, this increasing offset could be eliminated. 

 

Figure 4.5a also shows the percentage difference between the pyramids’ dimensions 

on the NIL imprint and those on the shim. The difference for the first pyramid in the 

row seems significant, approximately 4%. However, this difference is much smaller 

when the shim is compared to the template: approximately 1.4%. Thus, it can be 

concluded that the two deviations are in opposite directions and they compensate each 

other to some extent. 

 

On the shim again some slight, even negligible, offset to the left was observed for the 

last two pyramids in the row. Since this offset is uniform such a shift is most likely 

due to a systematic error during the measurements. At the same time, the HE imprints 

of the shim appear to be a very accurate replica of the shim with less than 1% 

deviation in the XY plane. Again some systematic error is also present here though it 

is not so evident, being in the range of 4-8 nm.  

 

4.4.2 Analysis of the resulting 3D profiles 

The carried out analysis of the SEM images in Figure 4.4 shows that the heights of the 

pyramids on the FIB structured template are under 0.4 µm instead of the 0.5 µm 

specified in the data file. In addition to the factors mentioned in Section 2.2 that affect 

the resulting accuracy in the z direction there are some others issues. In particular, the 

FIB built-in software contains a module for calculating the machining parameters 

needed for achieving a targeted depth. It utilises coefficients related to the material 

properties, such as milling rates and milling frequencies. However, the default values 

of those coefficients, integrated in the FIB system, are only for machining of silicon 
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(Si). Since the NIL process requires UV transparent templates, the material utilised to 

produce the template is fused silica (SiO2), which is somewhat harder to machine than 

Si. Hence, the resulting features’ depths tend to be less than expected. This issue 

could be addressed by a systematic study of the FIB machinability of SiO2, followed 

by a respective optimisation of the exposure parameters. Such a study is reported in 

the next chapters of this research. 

 

Figure 4.5b shows the difference, in percentage, between the heights of the pyramids 

on the template and its NIL imprints. With an average deviation of 1.7 % the S-FIL 

process proves to be very accurate in replicating complex 3D features with 

dimensions in the nanometre range. Again, as it was the case for the XY plane, the 

first and forth pyramids in the array (355.3nm and 354.2 nm, respectively) differ in 

height significantly more than the central ones, which appear to be almost identical 

with only 0.2% difference each. In addition, a comparison of the two graphs in 

Figures 4.5a and 4.5b reveal that the NIL imprints and the Ni shim exhibit the same 

behaviour in terms of pattern replication in both XY plane and along the Z axis.  Also, 

with an average deviation of only 1.4% along the Z axis and 1.9 % in the XY plane, 

the Ni shim is a very accurate replica of the NIL imprint. Furthermore, as it can be 

seen in Figure 4.4, the cross-sectional profiles of the 3D structures on the Ni shim and 

the template almost overlap, which indicates a high level of consistency in replicating 

the NIL fused silica template on the wafer employing the S-FIL process. This can also 

be seen by examining the SEM images of the NIL template and the Ni shim in Figures 

4.3a and 4.3c.  

 

The difference in the respective features’ heights on the shim and its HE imprint are  



 

Figure 4.6 Percentage difference

direction 

 

Percentage differences between HE replica and Ni shim in vertical 
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between HE replica and Ni shim in vertical 
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given in Figure 4.6.  As it can be judged from the results, the use of the Ni shim as a 

tool for 3D thermal replication is well justified as the deviation of the functional 

features on the end component is only within 5.7 % on the average in the vertical 

direction. Even though these results are well within the technical requirements for 

producing such functional structures further improvements can be achieved by 

optimising the embossing parameters, especially the embossing temperature. 

 

An analysis of the profiles of the corresponding pyramids on the template, the NIL 

imprint, the Ni shim and HE replica in Figure 4.4, clearly reveals that they are parallel 

to each other, indicating that:  

 

• the pyramids’ tips were milled exactly on the line of symmetry between the 

horizontal edges of the pyramids, i.e. the targeted 3D geometry was accurately 

produced by FIB milling, and  

• the tips remained in the centre of the respective pyramids throughout all 

machining and replication steps of the process chain without compromising 

the structure’s  functional requirements. 

 

The results demonstrate the capability of FIB milling in combination with UV 

imprinting and electroforming to produce replication tools incorporating complex 3D 

features and patterns. The process chain explores their optimum process windows, the 

high resolution of FIB direct structuring with both the high throughput and accuracy 

of the two replication technologies, to achieve cost-effectively FLSI within a single 

component. 
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Even though it is difficult to estimate the effects of different factors at the different 

stages of the process chain on its overall performance, the following ones are regarded 

as having the highest impact: the optimisation of the processing conditions of 

different component technologies, the material properties, in particular the materials’ 

response to UV and thermal processing, the pattern generation strategy for 3D 

features implemented and the measurement uncertainty. 

 
4.5 Summary and conclusions 

A cost effective route for 3D structures’ fabrication and for achieving FLSI in 

products was proposed and validated in this chapter. It integrates innovatively 

compatible and at the same time complementary structuring and replication 

technologies, operating at their considered optimum processing windows, to fabricate 

Ni shims incorporating different 2.5D and 3D length scale features. A complex 3D 

functional pattern was designed and generated as an executable data file by means of 

specially developed software. Utilising the unique patterning capabilities of the FIB 

technology a UV template was structured and then replicated on a larger area 

employing the S-FIL process. The resulting NIL imprints were utilised to produce a 

Ni shim for serial replication. As a final step in the proposed fabrication route the Ni 

shim was utilised as a master for hot embossing of an array of micro pyramids. This 

complex 3D functional structure was successfully and cost-effectively replicated. 

Thus, the proposed process chain can be considered a viable manufacturing route for 

achieving FLSI in existing and new emerging products, especially for producing 

components incorporating 2.5D and 3D features at micro and nano scale. In 

particular, based on the analysis of the results at each stage of the process chain, the 

following conclusions can be made: 
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1. The FIB milling technology with its capabilities for high resolution and 

accurate structuring of complex 3D features can be considered a viable 

component technology in process chains for achieving FLSI into a single 

component.  

2. The implementation of this technology in master making process chains is 

well justified in applying its direct write capabilities to complement other 

structuring and replication processes.  

3. The investigated manufacturing route is characterised with high flexibility that 

enables the cost-effective integration of technologies with complementary 

capabilities to produce tools for different high throughput replication 

processes. 

4.  The measurement error could lead to a significant impact on the results in the 

different stages of the process chain so it should always be accounted for and 

measurement strategies must carefully be considered and applied. 
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CHAPTER 5 
 

METHODOLOGY FOR DEPTH PREDICTION IN 

LAYER-BASED FIB MILLING OF 3D FEATURES 

 

5.1 Introduction 

The realisation of complex 3D structures in micro and especially nano-scale 

manufacturing is of a major importance. Functional features like lenses and pyramids 

find applications in the field of electronics (Lee et al., 2008), optical systems 

(Coquillat et al., 2008; Paivanranta et al., 2008) and micro-fluidic devices (Toepke 

and Kenis, 2005; Seo and Lee, 2004). 

 

3D functional features that satisfy specific technical requirements related to lateral 

dimensions’ accuracy, symmetry and cross-sectional profiles, can be obtained 

employing Focused Ion Beam (FIB) technology (Svintsov et al., 2009). This 

technology offers many advantages with regard to achievable feature resolution, 

flexibility, good surface quality and capability to machine a wide range of materials 

(Svinsov et al., 2009; Fu, 2001; Velkova et al., 2010).  

 

By employing a layer-based FIB machining it is possible to produce very precise 

complex 3D features (Svintsov et al., 2009; Lalev et al., 2008). In particular, 3D 

models of given functional features can be created in any CAD package and then, 

following a sequence of data processing and transfer operations, the 3D geometry is 

converted into a stack of layers, 2D cross-sections, ordered along one of the main axes 
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of the model. Then, after such a ‘slicing’ step, the model is transferred into the GDSII 

stream file format (Lalev et al., 2008). Each GDSII layer represents a 2D cross-

section of a feature at a given point along the slicing direction, usually the “z” axis. 

The number of layers used to define a given 3D structure can vary from several to few 

thousand. However, the selected number of layers is an important process parameter 

that affects directly the resolution of the produced structures, and also determines the 

error associated with the approximation of a given 3D geometry as a stack of 2D 

layers. Though the layer-based method is a reliable means for producing the desired 

2D profile in the x-y plane, its accuracy in “z” direction is strongly dependant on the 

selected FIB processing parameters.  

 

To improve the accuracy of the 3D layer-based FIB milling process it is necessary to 

identify processing windows and design machining strategies for achieving a better 

height/depth control. The aim of this research is to develop a reliable methodology for 

depth estimation in FIB machining. This is achieved through an investigation of the 

layer thickness variations with regard to exposure parameters in layer-based FIB 

milling of 3D features. An uncertainty assessment is also conducted to verify the 

process accuracy in z-direction. 

 

5.2 Research methodology    

To achieve the objective of this research it is necessary:  

 

1) to investigate the interdependence between FIB process parameters and layer 

thickness deviations for a given material and geometry as well as their effects 
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on the resulting structures, especially their ’total’ thickness/height, H, as 

illustrated in Figure 5.1a, according to:   

∑
=

=
LN

i
ihH

1

                                          (5.01) 

where: NL is the number of layers and hi  is the thickness of the i layer; 

2) to identify processing windows with acceptable tolerance intervals in regard to 

layer thickness variations, U, in particular to assess the process uncertainty in 

achieving the targeted nominal value of hi, and ultimately H of a given 3D 

feature, as illustrated in Figure 5.1 b; 

3) to verify that it is possible i) to estimate accurately the height, H, of 3D 

features produced by layer-based FIB milling, and ii) to determine whether H 

is within a pre-determined tolerance interval for a given processing window. 

   

These three main aspects that constitute the proposed research methodology are 

discussed in more details in the sub-sections below. 

 

5.2.1 Effects of FIB process parameters on the layer thickness and the total 

feature thickness 

When layer-based milling is applied, the relationship between the FIB process 

parameters can be expressed as: 

 

[ ]2
2

/; cmAs
S

tI
D

S

DWELL
A µ∗

=     (5.1) 

 

where DA is the area dose, I – beam current [pA], SS – area step size [nm] and  tDWELL 

– area dwell time [ms]. tDWELL is calculated using the expression 
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Figure 5.1 (a) layer-based FIB milling strategy and (b) thickness/height variation 

range   

 

 

 

 
  



 

Figure 5.2 Constant DL exposure approach to layer thickness determination
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exposure approach to layer thickness determination 
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LdtDWELL NFdt ∗∗=       (5.2) 

 

where dt  is the dwell time and Fd is the dose factor,  usually Fd = 1. 

If NL is set to 1, the area dose expression gives the exposure dose per layer (DL), and 

hence the total dose is distributed uniformly through all layers: 

 

   [ ]2
2

/; cmAs
S

FdI
D

S

dt
L µ∗∗=         (5.3) 

 

Assuming that all layers have the same thickness h for a given exposure setting, the 

total height/depth H of a feature will be the sum of the thicknesses of all constituent 

layers used to create it: 

 

hNhH L

N

i
i

L

∗==∑
=1

     (5.4) 

 

However, this statement is valid only if the effect of material re-deposition is not 

taken into account or is considered to be negligible. As during FIB processing the re-

deposition is unavoidable, it can be expected that the relationship between H and NL 

will not be linear. Therefore, it is necessary to study the interdependence between the 

exposure dose and h and thus to determine whether h can be considered constant for a 

given material and for the selected dose. This can be investigated by conducting 

experiments where features are exposed with the same DL but different NL is used to 

produce them as illustrated in Figure 5.2. Preliminary tests indicate that the functional 

dependence between H and NL is as shown in Figure 5.3. Thus, by conducting a series 

of experiments with NL from the liner part of the graph, for different beam currents at 
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the same DL, h of individual layers can be calculated through interpolation, and then 

compared. 

 

Based on the outcome of such an experimental study, the effects of the re-deposition 

phenomenon on the resulting feature height can be studied. Especially, it is possible to 

investigate how H of a given structure would be affected by keeping DA constant 

while changing NL as shown in Figure 5.4. 

 

5.2.2 Process uncertainty 

To verify the value of h obtained for a given layer and determine the tolerance range 

within which h falls, i.e. the acceptable deviation of h from a given nominal value, the 

process uncertainty has to be studied.  

 

The layer thickness, hi, resulting at given process settings can be determined as the 

gradient in a regression fit of the linear part of the H to NL relationship (Figure 5.3). 

An existing methodology for calculating uncertainty in a regression fit gradient can be 

utilised to determine the uncertainty associated with hi  (Kirkup, 1994). Also, as all H 

measurements are taken at the same SEM magnification it can be assumed that the 

standard uncertainty in height measurements is constant. Hence, the formula for 

calculating the combined standard uncertainty is: 
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where xi is hi in the context of this research, and thus the equation can be represented  
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Figure 5.3 The generic relationship between H and NL 

 

 

 

 

 

 

 

 

 

 



 

Figure 5.4 Determination of re

different NL 

 

Determination of re-deposition effects at a constant area dose distributed in 
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as: 
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where NLi represents the different values of NL utilised in the experiments, n is the  

number of observed values, and 
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where Hi is the total thickness for the i-th NL value. 

Taking the obtained hi values from the regression fits for each DL, the thickness value, 

h, for a given dose (DL) can be obtained as the mean value:  

][,1 nm
n

h
h

n

i
i∑

==      (5.8) 

The uncertainty associated with the calculated h is the so-called expanded uncertainty, 

U, or the value of h can be expressed as: 

 

][, nmUhh ±=      (5.9) 

 

The expanded uncertainty can be determined for a given confidence interval (CI) as 

follows: 

][),(. nmhukU c= ,     (5.10) 

 

where: k is a coverage factor at certain confidence level for given degrees of freedom 
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effν , usually for CI of 95%. Then, the effective degrees of freedom can be determined 

employing the Welch-Satterthwaite formula (Kirkup and Frenkel, 2006): 
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where ci is a sensitivity coefficient, 1−= niν  for Type A uncertainty or 
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uncertainty in the Type B-evaluated uncertainty, u, and 
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is the combined standard uncertainty, which includes the standard uncertainty of h : 
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and the measurement uncertainty u(P), or 

 

)()()( 222 Puhuhuc +=     (5.14) 

where u(P) is taken as 3% of the measurand. 
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5.2.3 Verification procedure 

To verify the proposed methodology for feature depth estimation, FIB milling of 3D 

test structures can be performed by varying DL. The two different approaches for 

generation of 3D models discussed in Section 5.1 were applied. In the first case 

(Lalev et al., 2008), the model was sliced in 61 layers, the maximum allowed by the 

Elphy Quantum lithography software while in the second one (Svintsov et al., 2009) 

the number of layers was chosen to be 100.  

 

5.3 Experimental set-up 

A Carl-Zeiss XB 1540 FIB/SEM cross-beam system was employed to carry out the 

work required according to Section 5.2, especially to conduct the necessary layer-

based FIB milling and then characterisation of the produced test features. Raith 

lithography hardware and software (Elphy Quantum) were utilised to control the FIB 

patterning externally. 

 

To inspect the features’ depth, FIB cross-sectional cuts with 50pA beam current were 

made and the depth profile was analyzed with the integrated SEM and its SmartSEM 

software. The vertical walls of all samples were imaged at 36 degree tilt and also to 

obtain correct measurements, the “tilt compensation” option of the SmartSEM 

software was applied. To minimise the measurement error all measurements were 

taken at the same magnification, and 10 kV electron beam energy. All experiments 

were carried out on a single crystal Si <100> wafer. 

 

5.3.1 Interdependence between layer thickness and exposure dose 

Two test features, rectangular trenches, referred to as F1 and F2 hereafter, with 
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dimensions 1 x 2 x 0.5 µm and 1 x 2 x 0.25 µm, respectively, were designed to 

investigate the resulting layer thickness after FIB milling. By utilising the approach 

described in (Lalev et al., 2008) the CAD models were ‘sliced’ into stacks of layers. 

In particular, data files with different NL were created, starting with NL=5 and 

increasing to NL=60 with an increment of 5. Each file was then used to expose a 

silicon workpiece with the same DL under the same processing conditions. To keep DL 

the same when exposing with different beam currents, dt was adjusted according to 

Equation 5.1. Since the experiments were performed with three beam currents, 

namely 50 pA, 200 pA and 2 nA, dt was set to 0.1 ms, 0.025 ms and 0.0025 ms, 

respectively. With Fd  of 1 and SS of 10 nm, DL becomes: 
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5.3.2 Interdependence between total thickness and number of layers 

To be able to estimate the depth of a given structure, it is necessary to study the 

change in its total thickness as NL increases. Therefore series of experiments were 

conducted adopting the exposure strategy in Figure 5.2. Several different DL were 

selected, aiming at determining interdependences between H and NL and drawing 

conclusions about the accuracy of the layer-based FIB milling process. To have some 

consistency with the previous experiments and assure the comparability of the results, 

the first area dose per layer, DL 1, was selected to be the same as in Section 5.3.1 i.e. 

5x103 µAs/cm2. With regard to exposure time/production efficiency the other doses 

were set to 50 % and 20 % of this DL as follows:  
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The same three different FIB beam currents, 50 pA, 200 pA and 2 nA, were applied in 

this experimental run, with dt being adjusted again to keep the area dose per layer 

constant. Similar to the set of experiments, described in Section 5.3.1, Fd  was 1 and SS 

- 10 nm. The first exposure in these experiments was performed with NL varying from 

2 to 100, applying increment of 2 for layers 2 to 40 and increment of 5 for layers 45 to 

100.  

 

To carry out a proper statistical analysis of the obtained results, each experiment was 

repeated three times under the same working conditions. However, to reduce the 

number of experimental runs required, the number of layers was increased with a step 

of 10 layers for the second and third runs. 

 

5.3.3. FIB milling of 3D features  

To prove that layer-based FIB milling can be applied for producing complex 3D 

structures, a square concave pyramid with a 2 x 2 µm base and convex one with the 

same dimensions but placed in a 4 x 4 µm trench were selected as models for 

conducting this investigation. Models of the two test 3D features are depicted in 

Figure 5.5 a and b. The data file of the concave pyramid was created by applying the 

CAD-CAM approach (Lalev et al., 2008) while the convex one was generated using 

the IonRevSim software (Svintsov et al., 2009). Beam current of 50pA was used to 

mill all features, except for the deepest convex pyramid, which was produced with 

200 pA. To maintain the desired DL , dt was set to 0.02 ms, 0.05 ms and 0.1 ms for 

I=50 pA, respectively and 0.025 ms for I=200 pA.  
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Figure 5.5 Models of the 3D test features’ design: a) concave 2x2 µm square pyramid 

and b) convex 2x2 µm square pyramid placed into a 4x4 µm trench 
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5.4 Results and discussions 

5.4.1 Interdependence between layer thickness and exposure dose 

The cross-sections of the milled structures, as shown in Figure 5.6, were analysed to 

determine the features’ depths. Figure 5.7 shows a plot of the obtained depths as a 

function of NL for the three beam currents selected in this study. It can be seen that H 

of the structures increases linearly with the increase of NL. The slight deviations from 

linearity could be attributed to the human factor in conducting the measurements. If 

linear dependence between NL and H is defined as LbNaH += , and 0=a as H is 0 

for NL equal to 0 while b is h, the equation becomes: 

 

hNH L *= .      (5.15) 

 

After applying a regression fit, the h values corresponding to each of the experimental 

settings were calculated. Also, the mean h for each I and the whole set of experiments 

were calculated for CI of 95% as shown in Figure 5.8.  

 

The h values for each I and their respective uncertainties are provided in Table 5.1. 

The mean h for the three currents, 50 pA, 200 pA and 2 nA, is approximately 17 nm. 

The mean h obtained at I of 200 pA differs from the other two with approximately 

6%. This could be attributed to measurement uncertainty and also some machine 

related factors such as the calibration accuracy and beam focussing. However, the 

data analysis performed at CI of 95% shows very good repeatability when the same 

DA is applied at different I.  

 

Also, experiments were conducted to investigate the re-deposition effects on the layer  
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Table 5.1  h  of test features milled with different I. 

Test Feature 50 pA 200 pA 2 nA 

F1 17.7 (± 0.9) nm 16.2 (±0.5) nm 18.3 (±1.5) nm 

F2 17.6 (± 1.0) nm 16.0 (±0.5) nm 17.6 (±1.6) nm 
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thickness. First, DA for two selected feature depths of 500nm and 250 nm was 

determined. The targeted depth of 500 nm was achieved after milling of 30 layers, i.e. 

nmhNH L 5101730 =∗=∗= , while 250 nm at 15 layers, 

nmhNH L 2551715 =∗=∗= , as shown in Figure 5.9 a) and b), respectively.  DA  is 

then: 

 

[ ]233500 /1015030105 cmAsNDD LLA µ∗=∗∗=∗=  

[ ]233250 /107515105 cmAsNDD LLA µ∗=∗∗=∗=  

 

As DA is of a particular interest in these experiments and NL is predefined, the only 

parameter that can be adjusted to compensate for any changes in NL is dt. Its value 

was adjusted for the different exposures so that DA remained constant at all times. 

Figure 5.10 shows h for the test feature as a function of NL for each of the selected 

three beam currents. The solid line represents the targeted h, the ideal case when the 

re-deposition effect is not taken into account. As it was expected, when DA was not 

distributed into a sufficient NL the resulting h is less than the targeted one. By 

increasing NL the actual h is getting closer to the targeted one and eventually, above 

certain NL, the two coincide. The results obtained for both features but especially for 

F2 in Figure 5.10 a) and b) show clearly that the re-deposition effect is stronger at 

lower I. This is due to the increase of dt, applied to maintain DA the same. The 

analysis of the re-deposition patterns at different I shows that it is possible to optimise 

the FIB milling parameters so that, for a given DA, the effects of the re-deposition to 

be minimised by selecting a higher I, which will also lead to a shorter machining time.  

However, for both test features it was observed that the re-deposition could be 

considered negligible above a certain NL for all I. It can also be seen in Figure 5.10  



 

 

Figure 5.6 Cross-sectional profiles of test structures F1 and F2 milled with 50 pA 

and d), 200pA – b) and e), and 2nA 

sectional profiles of test structures F1 and F2 milled with 50 pA 

b) and e), and 2nA – c) and f), and NL =5, respectively.
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sectional profiles of test structures F1 and F2 milled with 50 pA – a) 

=5, respectively. 



 

Figure 5.7 Relationship between 

50 pA, b) 200 pA, and c) 2 nA.

Relationship between H and NL for test features 1 and 2 and a current

b) 200 pA, and c) 2 nA.   
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and a current of a) 
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that for any given DA there is always a value of h, i.e. critical layer thickness, below 

which the re-deposition can be considered negligible. For the Si samples used to 

conduct this empirical study the critical layer thickness is approximately 33 nm at DA 

of 150*103 µAs/cm2 and around 19 nm at DA of 75*103 µAs/cm2. 

 

5.4.2 Interdependence between total thickness and number of layers 

The results from the experiments discussed in 5.4.1 show that there is a tight margin 

between the calculated layer thickness and the h value at which the re-deposition 

cannot be considered negligible anymore. Therefore, a more detailed investigation is 

necessary in order to determine more precisely the value of h for a given DL. Figures 

5.11 and 5.12 depict the cross-sectional profiles of the trenches milled with different 

NL and I, and the interdependence between H and NL, for the three different DL at the 

three currents utilised in this research, respectively. After performing regression fits 

the resulting h for each DL were obtained using Equation 5.15 and their mean values 

were calculated for 95 % CI, based on the results from three runs carried out for each 

DL. Figure 5.13 represents the h  values obtained with I of 50 pA, 200 pA and 2 nA 

together with the total mean value of h for all currents at each DL. The results from 

the experiments confirm that h is almost the same for the three different currents at 

each of the three investigated DL. Also, the results suggest that h is proportional to the 

applied DL, which could be used in selecting DL for producing structures with a given 

depth. 

 
5.4.3 Process uncertainty 

The uncertainty in achieving a given h is calculated following the statistical approach 

outlined in Section 5.2.2. For the three different DLs, h  and the uncertainties  



 

Figure 5.8 Mean h for CI of 95%

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

for CI of 95% 
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Figure 5.9 H at constant D

feature 2 

 

DA for the three different currents a) test feature 1, and b) test 
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feature 1, and b) test 
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)(),( Puhu and )(huc  were obtained as follows: 

 

DL 1: nmh 6.15= , nmhu 17.0)( = , nmPu 47.0)( =  and nmhuc 5.0)( =  

DL 2: nmh 9.7= , nmhu 11.0)( = , nmPu 24.0)( =  and nmhuc 26.0)( =  

DL 3: nmh 3= , nmhu 09.0)( = , nmPu 09.0)( =  and nmhuc 13.0)( =  

 

It should be noted that n is 9, as the experiments for the three doses were performed 

three times for the three different probe currents. The effective degrees of freedom, 

their respective coverage factors k at CI of 95% and the expanded uncertainties U for 

these three doses were calculated: 

 

DL 1: 98.1620~ =⇔ keffν  and nmxhukU c 15.098.1)(. ≈==  

DL 2:  98.1200~ =⇔ keffν  and nmxhukU c 5.026.098.1)(. ≈==  

DL 3:  04.23035~ =⇔⇒ keffν  and nmxhukU c 3.013.004.2)(. ≈==  

 

Since Uhh ±= , the values of h for the three doses are:  

    nmh
LD 0.16.151 ±=  

    nmh
LD 5.09.72 ±=  

    nmh
LD 3.00.33 ±=

 

 

Respectively, the uncertainty of h based on the first two sets of experiments, 

performed to investigate the interdependence between h and exposure dose for test 

features F1 and F2, is obtained as: 



 

Figure 5.10 Layer thickness as a function of 

test feature F1, b) test feature F2, respectively.

Layer thickness as a function of NL for exposures with constant 

test feature F1, b) test feature F2, respectively. 
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for exposures with constant DA of a) 



 

Figure 5.11 Cross-sectional profiles of test trenches milled with a) 50 pA, b) 200 pA 

and c) 2 nA 

sectional profiles of test trenches milled with a) 50 pA, b) 200 pA 
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sectional profiles of test trenches milled with a) 50 pA, b) 200 pA 
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nmxhukU c 29.164.002.2)(. ≈==  

 

where n = 6 as the experiments were performed for two doses at three different I  and 

5161 =−=−= n
x

ν . Then,h , the standard uncertainty of h , measurement 

uncertainty and the combined standard uncertainty were calculated: nmh 2.17= , 

nmhu 375.0)( = , nmPu 52.0)( =  and nmhuc 64.0)( = , yielding 

02.24042~ =⇔⇒ keffν . Based on Equation 5.8 and using a rounded value of h ,  

nmh 3.117±= .  

 

For the experiments conducted at the three doses both h and its uncertainty are lower 

in magnitude because the bigger sample size allows us to determine more precisely 

both h  and their tolerance intervals. 

 

5.4.4 FIB milling of 3D features 

Having determined the uncertainty associated with h for each dose, it is important to 

validate the results. Especially, it is necessary to verify that the deviation from the 

targeted total depth of the 61-layers’ and 100-layers’ pyramids is in the range of 

±61*U and ±100*U [nm], respectively. Figure 5.14 and Figure 5.15 show the cross 

sectional profiles of the milled 3D structures. The calculated H of the features and the 

expected deviations of H, together with the measured actual H are provided below. 

Also, the deviation of the actual from the estimated value of H in percentage is 

calculated. 

 



 

Figure 5.12 Interdependence between 

DL 2, and DL 3. 

Interdependence between H and NL for the three different 

143 

 

for the three different I at a) DL 1, b) 



 

Figure 5.13 Mean layer thickness for 95% CI for 
 

 

 

 

 

 

 

 

 

 

 

 

 

Mean layer thickness for 95% CI for DL1, DL 2 and DL 3. 
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Concave pyramids 

DL 3 (Figure 5.14a): calculated H-183 ± 18.3nm; actual H-178.7nm; deviation - 2.4%. 

DL 2 (Figure 5.14b): calculated H-481.9 ± 30.5nm; actual H-472.1nm; deviation - 2%. 

DL 1 (Figure 5.14 c):  calculated H -951.6 ± 61nm; actual H-902.9nm; deviation - 5%. 

Convex pyramids  

DL 3 (Figure 5.15 a): calculated H-300 ± 30nm; actual H - 307.8nm; deviation - 2.6 % 

DL 2 (Figure 5.15 b): calculated H-790 ± 50 nm; actual H - 766.5 nm; deviation - 3 %. 

DL 1 (Figure 5.15 c): calculated H-1560 ± 100nm; actual H-1489nm; deviation-4.6 %. 

 

It can be seen that the actual H of all features are within the estimated range and their 

deviations are within 2 to 5%. As can be expected the deeper structures, i.e. the 

structures with bigger h and also those milled with higher doses, tend to deviate more 

from the estimated values. However, an increase of NL leads to a better resolution.  

In addition, the analysis of the produced 3D features revealed that even though two 

different approaches were utilised to generate the data for the layer-based FIB 

machining, the features’ actual H was well within the estimated variations from the 

nominal values, and also the features exhibited similar patterns in terms of deviation 

from the targeted H. This demonstrates the viability of the layer-based FIB milling 

methods and also that it is possible to assess accurately the uncertainty associated 

with the process.  

 

5.4.5 Generic methodology for depth estimation in layer-based FIB milling 

Based on the conducted empirical study, the following generic methodology is 

proposed for optimising the layer-based FIB milling technology when processing 

different materials, especially to be able to estimate accurately the layer thickness and  



 

Figure 5.14 Concave square pyramids with 2x2 µ

61 layers with a) DL 3, b) D

 

Concave square pyramids with 2x2 µm base produced by FIB milling of 

DL 2 and c) DL 1. 
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µm base produced by FIB milling of 



 

Figure 5.15 Convex square pyramids with 2x2 µ µ

by FIB milling of 100 layers with a) 

nm and c) DL 1 with H = 1489 nm.

Convex square pyramids with 2x2 µm base in 4x4 µm trenches, produced 

by FIB milling of 100 layers with a) DL 3 with H = 307.8 nm; b) DL 2 with 

= 1489 nm. 
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µ µm trenches, produced 

2 with H = 766.5 
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height/depth of complex 3D structures:  
 

1. The (individual) layer thickness for simple 2.5D geometry is established as 

a function of the selected FIB process parameters. The layer thickness is 

determined as the gradient in a regression fit for the linear part of a total 

thickness / number of layers plot. 

2. The tolerance intervals related to the thickness of a single layer and a stack 

of layers are calculated and assessed employing the approach described in 

Section 5.2.2.  

3. Milling of test 3D features applying the selected process parameters is used 

to verify the calculated thickness values and selected doses. 

 

Such a generic approach can be applied as a simple and systematic way for designing 

the process, especially finding its optimum processing windows, i.e. number of layers 

and area doses, when producing complex 3D structures by layer-based FIB milling.  

 

5.5 Summary and conclusions 

To improve the 3D layer-based FIB milling process it is necessary to identify the best 

processing windows and design appropriate machining strategies in order to achieve 

the targeted accuracy, particularly in “z” direction (i.e. height/depth). For that reason, 

in this chapter of the thesis a methodology for depth estimation in FIB machining was 

developed and validated. The layer thickness variations were investigated with regard 

to exposure parameters in layer-based FIB milling of 3D features. The methodology 

was verified by FIB machining of functional 3D features, which depths/heights fall 

within predetermined tolerance intervals. The results demonstrate the viability of this 

approach. In particular, the validation study showed that depths/heights deviations of 
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complex 3D structures were well within the estimated values. Several main 

conclusions are drawn based on the carried out research, in particular: 

 

1. The layer thickness, h, and its tolerance interval are proportional to the DL applied. 

The total depth/height, H, increases linearly when the number of layers, NL, 

increases to a certain point where re-deposition can no longer be considered 

negligible. The effects of re-deposition are stronger for DA exposures with lower I 

and higher dwell time. However, they can be minimized by exposing given area 

dose with higher number of layers. 

 

2. The achieved Hs when milling 3D features were within the estimated range and 

their deviations were only 2 to 5%. Also, the deeper structures, i.e. the structures 

with bigger h and as well as those milled with higher doses, deviated more from 

the estimated values. The FIB machining of 3D features, carried out to validate 

the methodology, supported again the observation that milling with higher number 

of layers should be used to produce features with a better resolution. 

 

3. The proposed generic methodology can be applied as a simple and systematic way 

for finding optimum processing windows, i.e. number of layers and area exposure 

doses, when producing complex 3D structures by layer-based FIB milling. It 

represents an important step in broadening the use of this technology for micro 

and nano structuring. 
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CHAPTER 6 

 

FIB MILLING OF DIFFERENT AMORPHOUS AND 

SINGLE-CRYSTAL MATERIALS 

 

6.1 Introduction 

In the master making process chains that use FIB milling as a component technology, 

the structuring with FIB is usually carried out on Si wafers (Velkova et al., 2010; 

Scholz et al., 2009). As the fracture toughness and fatigue strength of Si is not 

sufficient to utilise it directly for producing replication masters, the patterns of the 

wafers have to be transferred into another material that is more appropriate for high 

throughput serial manufacture. To realise such pattern transfers several other 

processing technologies have to be employed, which adds up more steps in the 

process chains and thus increases the cost and uncertainties associated with the end 

products. This undesirable increase of manufacturing complexity can be avoided by 

performing direct FIB structuring of the masters. However, to create the necessary 

prerequisites for such direct FIB machining, it is essential to investigate the material 

response of various tooling materials to ion beam sputtering in order to be able to 

produce accurately the targeted 3D structures.  

 

The machining response of materials is very important for the successful integration 

of micro and nano structuring technologies like FIB milling, laser ablation and 

photolithography (Velkova et al., 2010; Dimov et al., 2006; Velkova et al., 2011 a) 
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into cost-effective master making process chains. Therefore, the search for and 

implementation of a wider range of materials proves to be increasingly viable 

(Stanishevsky, 2001). Especially, the use and processing of amorphous alloys have 

attracted considerable interest due to their superior properties for a number of 

applications (Inoue, 2000; Zhang et al., 2006). Properties like high hardness, fracture 

toughness and fatigue strength make those materials appropriate for manufacturing of 

micro-electro-mechanical systems (MEMS) and micro-sensor systems (X. Wang et 

al., 2007). Additionally, due to their homogeneous microstructure, lacking lattice 

defects and grain boundary (Kawasegi et al., 2006), they are considered promising 

tooling materials for micro and nano- structuring and replication. Therefore, it is of a 

major importance that their non-crystalline microstructure is maintained during 

machining, especially when producing components incorporating micro and nano 

features (Quintana et al., 2009; Minev et al., 2010). Studies on FIB milling of 

amorphous and polycrystalline Ni-alloys showed that a higher surface integrity could 

be achieved in the amorphous material under identical processing conditions (Li et al., 

2007). Thus, the FIB technology can be used as a means for structuring amorphous 

alloys at sub-micrometer and nano- scales. However, to apply this technology 

successfully it is necessary to investigate the process-material interactions in order to 

be able to produce structures accurately at these scales, especially in the vertical 

direction. In this context, the research in this chapter develops further the 

methodology for depth estimation in FIB milling presented in Chapter 5, and 

implements it to minimise uncertainty in structuring different amorphous materials.   

 

The main objective of the research reported in this chapter is to obtain ’material 

milling’ coefficients for several commercially available amorphous and single crystal 
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materials that would relate their machining response, machinability, to a benchmark 

material. This would facilitate not only the estimation of a feature’s total depth 

obtained for a certain material with a given set of process parameters, but also, and 

most importantly, the production time necessary for obtaining the targeted depth in 

the selected material. Those coefficients are to be derived with regard to silicon as a 

benchmark material. The fact that Si <100> is the most commonly used material in 

microelectronics, and is therefore usually given as a default material in the databases 

of parameters calculation modules of the FIB, EB and other lithography machines, 

justifies its selection as a benchmark in this research.  

 

6.2 Theoretical background 

6.2.1 Milling rates 

The material properties of the workpiece are a key factor affecting the machining 

results and process predictability in FIB milling. The primary parameter affecting the 

depth of the machined structures and their accuracy in the direction normal to the 

machined surface is the sputtering rate/yield of the exposed material (Catalano et al., 

2006; Tseng, 2004; Kim et al., 2007 a). However, even if its exact value is known the 

milled depth usually differs from the estimated one due to effects such as ion 

implantation and re-deposition of sputtered material. Also, it is important to note that 

the modules for milling depth calculations of commercially available FIB pattern 

generators use Si as a default material. However, their databases can include the 

milling rates for other materials, provided that they are known.  

 

In general, the milling rates account for the sputtering rate and the effects mentioned 

above, therefore being very difficult to derive accurately. To avoid complex 
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calculations and minimise the errors in specifying the applicable milling rates for 

other materials, especially alloys, those milling rates can be expressed in terms of 

another one already stored in the FIB database, i.e. as a percentage of the Si milling 

rate. This would provide a much simpler and at the same time very effective depth 

estimation approach for FIB milling of different materials. This can be realised by 

relating the milling rates of other materials to that of Si through the use of a material 

specific constant, fC , as follows:  

 

Sif
r
M MRCMR ∗=     (6.1) 

where MRr
M is the milling rate of a given material and MRSi is the milling rate of Si.  

The layer-based methodology that was developed in Chapter 5 for estimating the total 

depth, H, of FIB milled structures will be used to find empirically fC for the 

materials considered in this research.   

 

6.2.2 Materials’ constants 

The relationship between the total depth, H, and the individual layer thickness, h, for 

any material, M, can be expressed as:  

 

LMM NhH ∗= ,     (6.2) 

 

where NL is the number of layers, HM and hM are the total depth and layer thickness 

for the given material (Lalev et al., 2008), respectively. For Si the equation becomes: 

 

LSiSi NhH ∗=       (6.2.1) 
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In order to express HM relative to Si, and taking into account that NL is the same for 

all materials in this study, equation (6.1) can be expressed as follows: 

 

Si
Si

M
M H

h

h
H =      (6.3) 

 

Differentiating equation (6.3) over time, t, would provide the relative milling speed 

(relative milling rate) for a given material M: 

 

t

H

h

h

t

H Si

Si

MM

∂
∂

∗=
∂

∂
     (6.4) 

 

Since the milling rates, usually expressed in [µm3/µAs], are inversely proportional to 

the time [s] it can be stated that the time necessary to mill a given depth H into a 

material M will be hSi/hM times the time needed to achieve the same depth in Si. 

Therefore, the introduction of a material constant SiMf hhC = for other materials in 

relation to Si would facilitate the accurate depth calculation for these materials. Also, 

the inverse value of this constant MSift hhCC == /1
 
would allow for the estimation 

of the total milling time. 

 

However, it is important to stress that this approach can be applied only under the 

assumption that the linear part of the functional dependence between H and NL is 

considered, where the effects of the material re-deposition phenomenon are regarded 

as negligible (Velkova et al., 2011 b). 
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6.2.3 Simulation and modelling 

To verify the constants obtained for the investigated materials a series of simulations 

were carried out. Simulation software specially developed for FIB (Svintsov et al., 

2009) and multi-ion beam (Zaitsev et al., 2009) applications, IonRevSim, was 

employed to account for some FIB milling specific effects such as the angular-

dependency of the sputtering rate. The software models the FIB sputtering process as 

an isotropic local etching (Svintsov et al., 2009; Zaitsev et al., 2009). This modelling 

approach allows a variety of FIB milling parameters such as sputtering sensitivity 

(sputtering rate), number and shape of strata (layers), exposure step size, dwell time 

and beam diameter to be taken into account when simulating the 3D ion sputtering 

process.  

 

6.2.4 Materials’ response to FIB milling 

As discussed in Chapter 2, in FIB processing the structural state of the material is of 

high importance. For example, polycrystalline materials exhibit significant grain 

anisotropy leading to non-uniform ion etching and material re-deposition. At the same 

time this phenomenon is not observed in mono-crystalline materials such as Si and 

alumina which are utilised for electron and ion patterning.  

 

Unlike crystalline materials the amorphous ones, e.g. bulk metallic glasses (BMG), do 

not have a long-range atomic ordering. That is the reason for their identical machining 

response, irrespective of the incidence direction of the particle beam.   

 

For metallic glasses with high metalloid concentration the electronic transport is 

dominated by s-like nearly free electrons, resulting in dramatic changes of 
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transportation properties of these alloys compared to their crystalline counterparts (Li 

et al., 2007; Ivkov et al., 1989). Thus, in amorphous metals, the energy dissipation 

during the ion exposure is minimised, leading to an increase in the sputtering yield. 

Furthermore, a higher surface integrity of the machined micro and nano-structures can 

be achieved in the non-crystalline materials because of the absence of any crystalline 

defects.  

 

6.3 Experimental set up 

A Carl-Zeiss XB 1540 FIB/SEM cross-beam system was employed to carry out the 

FIB milling experiments with Ga+ ions, and then to characterise the produced test 

structures. Raith lithography hardware and software, Elphy Quantum, were utilised to 

control the FIB patterning externally. To inspect the depth of the machined features, 

FIB cross-sectional cuts with 50 pA beam current were made and the depth was 

measured with the integrated SEM and its SmartSEM software. The vertical walls of 

all samples were imaged at 36 degree tilt and also, to obtain correct measurements, 

the “tilt compensation” option of the SmartSEM software was utilised. After a 

calibration with a reference sample applying the Carl-Zeiss standard procedure, the 

measurement error of the instrument in XY direction was calculated to be in the range 

1 to 3 %. Six commercially available amorphous materials were investigated: Cobalt 

(Co) – Co70(SiB)23Mn5(MoFe)2, in as received amorphous state and after explosive 

treatment (Co*), Iron (Fe) – Fe81B13.5Si3.5C2, Nickel (Ni) – Ni78B14Si8, Titanium BMG 

- Ti42Zr24Co16Ni15Be4, Quartz (fused silica - SiO2), and also single-crystals Si <100> 

and Alumina Al2O3. Except for the Ti alloy that was obtained from LiquidmetalR 

Technologies USA, the rest were commercially available materials supplied by 

Goodfellow Ltd. The composition, designation, structural state and some relevant 
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properties of these materials are summarised in Table 6.1.  

 

6.3.1 Layer thickness 

A square pocket with a 3x3 µm base was used as a test structure to determine the 

layer thickness of the selected materials. Following the layer depth estimation 

methodology, FIB milling was carried out by applying a constant area dose per layer 

(DL) while increasing the number of layers (NL). To minimise the effects of stochastic 

factors in calculating the h values three different DLs were used, namely:  

23

23

23

/1063

/1042

/1021

cmAsD

cmAsD

cmAsD

L

L

L

µ

µ

µ

∗=

∗=

∗=

 

 

The number of layers utilised in the consecutive exposures was as follows: NL = 20, 

40, 60, 80, 100, 120 and 150 while the area step size and the dose factor parameters 

were kept constant at 10 nm and 1, respectively. 2nA beam current was used during 

the FIB milling and the dwell time was adjusted to 0.001 ms for DL1, 0.002 ms for 

DL2 and 0.003ms for DL3, respectively, to account for the different DLs during the 

experiment. To analyse statistically the obtained results, the exposures were repeated 

three times for each material under the same working conditions. 

 

The verification of the calculated h that is necessary according to the applied 

methodology, requires complex 3D features to be machined and their measured 

height/depth, H, to be compared to the estimated ones, UNhH Lest ±∗= , where U is 

the tolerance interval. To conduct this experimental verification, a convex square  



158 
 

Table 6.1 Composition and properties of the investigated materials (Callister, 2003) 

 
Material 

Short 
designation 

 
Structure 

Mismatch 
between the 

atoms 
(molecules) of a 
given material 

and Ga 

 
Tm, 
[oC] 

Al 2O3 Al2O3 single crystal 1.46 2072 
Fe81B13.5Si3.5C2 Fe amorphous 0.80 1538 

Co70(SiB)23Mn5(MoFe)2 Co* 
amorphous 
explosive 
treatment 

 
0.84 

 
1495 

Ti42Zr24Co16Ni15Be4 Ti amorphous 0.68 1668 
Co70(SiB)23Mn5(MoFe)2 Co amorphous 0.84 1495 

Ni78B14Si8 Ni amorphous 0.84 1455 
Quartz (SiO2) SiO2 amorphous 0.86 1650 

Si <100> Si single crystal 0.40 1410 

a): Mismatch between the atoms (molecules) is calculated by dividing Atomic 

(molecular) mass of the target material, e.g. Co Alloy, by the Ga (ion beam material) 

atom mass; Tm – melting temperature. 
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pyramid with a 2x2 µm base placed in a 4x4µm square pocket (Figure 6.1) was milled 

in each material, applying the three different DLs. The data file necessary to machine 

these pyramids was generated employing the IonRevSim software (Zaitsev et al., 

2009) and implemented applying NL=100 and area step size of 10nm. The currents 

used in these trials were 50 pA and 200 pA with dwell times adjusted accordingly to 

maintain the desired DL.  

 

6.3.2 Materials’ constants 

To verify the obtained material constants for the considered materials series of 

simulation studies were performed employing the design and simulation modules of 

the IonRevSim software (Svintsov et al., 2009; Zaitsev et al., 2009). The 3D structure 

that was used to conduct these studies was defined utilising the IonRevSim design 

module. Then, the exposure data as a set of layers were transferred into GDSII format 

for a direct use as an input to the Elphy Quantum software. The layers were 

automatically ordered for machining the targeted 3D test structure. 

 

The simulations were performed using the following processing conditions: 

stratification mode, bottom-top exposure approach (Svintsov et al., 2009), beam 

current 2 nA and 200 pA, dwell time 0.001 ms and 0.01 ms, area step size 10 nm, 

number of strata =100, i.e. an exposure of 100 layers with DL1. The sensitivity 

coefficients, Rs, used for the different materials are: 2400 [sA/cm3] for SiO2, 2000 

[sA/cm3] for Si, 1650 [sA/cm3] for cobalt, 1470 [sA/cm3] for iron, 1820 [sA/cm3] for 

Ni, 1680 [sA/cm3] for Ti alloy and 500 [sA/cm3] for Al 2O3 (Svintsov et al., 2009). 

 

After conducting these simulation studies, the 3D structures were fabricated in each  



 

Figure 6.1 Convex square pyramid in a 4x4 µm trench milled in Si

 

Convex square pyramid in a 4x4 µm trench milled in Si. 
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material by FIB milling and the depth and lateral dimensions of the produced features 

were compared with the simulation results. Due to the specific application of the 3D 

test structure as an axon and/or mixer in micro-fluidics, a double-wound spiral with 

6x6 µm dimensions as shown in Figure 6.3 a was selected to verify the results. The 

exposure settings applied in the experiments were: beam currents: 2nA and 200 pA, 

dwell time: 0.001ms and 0.01 ms, respectively; area step size: 10 nm and NL=100. 

 

6.4 Results and discussion 

6.4.1 Layer thickness 

The layer thicknesses, h, obtained for the investigated materials are presented in Table 

6.2. The detailed results and respective images from applying the methodology for 

layer thickness estimation are presented in Appendix C. Again, as it was the case for 

Si in Chapter 5, the h values and their respective tolerance intervals were proportional 

to the applied DL for the eight materials used in this study. Also, as can be seen in 

both Table 6.2 and Figure 6.2, the h values for the different materials are quite 

similar, excluding Alumina, which suggests that their responses to FIB milling are 

similar, too. Therefore, with respect to FIB machining, these materials can be 

regarded as easily interchangeable, and the most appropriate for a given application 

can be selected. Thus, any of these materials can be utilised for producing replication 

masters by FIB patterning without causing any significant increase in the processing 

time or requiring re-adjustments of the milling parameters. Therefore the overall cost-

effectiveness of any designed master/insert manufacturing route can be improved 

through the implementation of the most suitable material and according machining 

parameters’ optimisation. The layer thickness, h, of all seven materials was less than 

hSi, justifying again the choice of Si as a reference material for calculating the material 
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constants. 

 

6.4.2 Materials’ constants 

The constants, fC  and tC were derived for each of the eight materials based on the 

results obtained at the three different DL utilised in this study. Thus, the fC value is 

the average of the obtained results for each DL, as shown in Table 6.3. It can be seen 

that, for most of the materials, fC  is identical for all DL applied, indicating process 

stability and viability of the applied methodology. 

 

As discussed in Section 6.2.2 the constant tC can be used to estimate the total milling 

time for obtaining the targeted depth in a given material with respect to the time 

necessary to achieve the same depth in Si. Provided that the FIB milling is carried out 

under the same exposure conditions, this relationship can be expressed as follows: 

 

Sitmaterial meExposureTiCmeExposureTi ∗=    (6.5) 

 

It can be seen in Table 6.3 that the exposures would take between 5% and 36% more 

time for the investigated materials, excluding Alumina. In case of Alumina, to 

machine a structure with the same H as in Si it would take up to four times longer. 

The other material that requires a noticeably more machining time is iron, with a 36% 

increase of the exposure time. Therefore, its selection for direct FIB structuring has to 

be justified by weighting carefully any application specific advantages that the use of 

iron could provide. The obtained tC  values support again the possibility to 

interchange materials discussed in Section 6.4.1, which will allow for a greater  
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Table 6.2 Layer thickness, h, obtained for the studied materials 

 h, [nm] 

             DL [µAs/cm2] 

Material 
DL 1 = 2x103  DL 2 = 4x103  DL 3 = 6x103  

Silicon (Si) 5.9 ±0.4 12.2 ±1.0 18.1 ±1.8 

Alumina (Al2O3) 1.5 ±0.1 3.0 ±0.2 4.5 ±0.3 

Cobalt (Co) 5.1 ±0.3 10.2 ±0.6 15.3 ±1.0 

Cobalt (Co*) 4.8 ±0.4 9.7 ±0.7 14.5 ±1.2 

Iron (Fe) 4.2 ±0.3 9.0 ±0.6 13.7 ±0.8 

Nickel (Ni) 5.2 ±0.5 10.6 ±0.7 16.0 ±1.1 

Quartz (SiO2) 5.7 ±0.3 11.4 ±0.7 17.3 ±1.0 

Ti Alloy 4.8±0.4 10.1 ±0.6 15.2±0.9 
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Table 6.3 fC and tC  of the studied master-making materials 

 

Al 2O3 
Fe 

Alloy 

Co* 

Alloy 

Ti 

Alloy 

Co 

Alloy 

Ni 

Alloy 
SiO2 

Si 

(benchmark 

material) 

 fC
at DL 1 

0.254 0.712 0.814 0.814 0.864 0.881 0.966 1 

 fC
at DL 2 

0.246 0.738 0.795 0.828 0.836 0.869 0.934 1 

 fC
at DL 3 

0.249 0.757 0.801 0.840 0.845 0.884 0.956 1 

fC
final 

0.250 0.735 0.803 0.827 0.849 0.878 0.952 1 

fC c
t

/1=
 

4 1.36 1.25 1.21 1.18 1.14 1.05 1 

 

Single 

crystal 
Amorphous 

Single 

crystal 

 



 

Figure 6.2 Total depth obtained when machining 3x3 µm square pockets with 

different NL    and DL for the studied materials: a) 

2 Total depth obtained when machining 3x3 µm square pockets with 

for the studied materials: a) DL 1, b) DL 2, and c) 
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2 Total depth obtained when machining 3x3 µm square pockets with 

2, and c) DL 3 
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flexibility when designing application specific process chains. The material with a 

very similar machinability to Si is quartz with only 5% increase in exposure time. 

This is especially important for integrating FIB milling in various process chains for 

fabricating templates for UV Nanoimprint Lithography (NIL). Quartz is utilised in 

UV-NIL for template fabrication due to its transparency and over 90% transmission of 

wavelengths in the range from 180 to 600 nm (Lalev et al., 2009). Nickel also shows 

a relatively good machinability, with a 17% increase in processing time. Thin foils of 

amorphous Ni can be used directly for FIB structuring and then utilised as inserts for 

hot embossing (HE). This can provide a very efficient alternative to the time-

consuming and expensive approach of producing Ni inserts through electroforming of 

FIB patterned Si. Both fC and tC values obtained for the two types of Cobalt justify 

their potential usage for producing masters by direct FIB structuring. Ti alloy is also a 

very suitable material for producing replication masters due to its high wear and 

thermal resistance and good response to direct FIB structuring, evident from the 

obtained values for fC  and tC .  

 

6.4.3 Comparison 

As the layer thickness, h, and the corresponding fC  (Tables 6.2 and 6.3) are similar 

for some of the investigated materials, only images of the simulated and the actual 

features produced in Si, Co, Al2O3 and Fe are presented in Figure 6.3. However, the 

simulations for the rest of the studied materials can be found in Appendix C and the 

results obtained for all the investigated materials are included in the following 

discussion. Table 6.4 summarises the values of the depths, H, obtained from the 

simulations and FIB milling with 2 nA and 200pA, as well as the percentage 

difference between the simulated and the achieved H for each material. 
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Figures 6.3a and 6.3b represent the results from the simulation and the actual FIB 

milling with 2 nA of a spiral in Si. As it can be expected based on the results reported 

previously (Lalev et al., 2008; Svintsov et al., 2009) the lateral dimensions of the 

simulated and milled features are almost identical, less than 2% difference in the 

targeted 6x6 µm size, as can be seen in Figures 6.3 to 6.6. Even though the calculated 

H of the spiral is approximately 600nm, and is very close to the milled one of 604.8 

nm for 2 nA current the edges of the feature are not defined so well as in the 

simulation results. This can be explained with the relatively big beam diameter when 

using 2nA beam current, approximately 150 nm, and also due to possible disturbances 

during exposure that can cause slight beam shifts or defocusing. Furthermore, the 

same “blurring” of the spiral’s edges is observed for the rest of the milled materials as 

can be seen in Figure 6.4 c-d, Figure 6.5 a-b and Figure 6.6 a-b for Co, Fe and Al2O3, 

respectively. In contrast, FIB milling with a much smaller beam spot will result in a 

higher feature resolution with much better edge definition as confirmed by both 

simulation and milling results for 200 pA, or 40 nm beam diameter, depicted on 

Figure 6.3 c-d, Figure 6.4 a-b and Figures 6.5 c-d and 6.6 c-d. Also, the quality of the 

milled feature is higher as seen from the percentage difference values in Table 6.4, 

which are around 2% for most of the investigated materials but not exceeding 4%. 

However, it should be noted that exposures with the same DL but with smaller beam 

diameters, i.e. lower probe currents, lead to a corresponding substantial increase in 

exposure time as a trade-off. In the direction normal to the machined surface again the 

simulation and experimental results for H show approximately 3% difference for Co 

for both currents, 493.2 nm, 524.7 nm and 510 nm for measured and estimated H, 

respectively; 4.1% for 200 pA and 4.5% for 2 nA for Fe, indicating it is relatively 

hard to machine, and relatively low percentages for quartz and nickel, which appear to  
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Table 6.4 Simulated and actual H for the studied materials and their percentage 

difference  

Material H simulation 
[nm] 

H 200 pA 

[nm] 
Difference 

[%] 

H 2 nA  

[nm] 

Difference 
[%] 

Silicon (Si) 600 612.7 2 604.8 0.8 

Alumina (Al2O3) 150 152.8 1.9 143.2 4.5 

Cobalt (Co) 510 524.7 2.9 493.2 3.3 

Iron (Fe) 420 437.4 4.1 401 4.5 

Nickel (Ni) 520 525.2 1 497.4 4.3 

Quartz (SiO2) 560 554.3 1 549.2 1.9 

Ti Alloy 480 487 1.5 458.1 4.6 

 

 

 

 



 

Figure 6.3 IonRevSim simulation (left column, a, c

column, b, d) for a double-

 

simulation (left column, a, c) and exposure results (righ

-wound spiral in Si for 2nA and 200 pA, respectively
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) and exposure results (right 

in Si for 2nA and 200 pA, respectively 



 

Figure 6.4 IonRevSim simulation (left column, a, c

column, b, d) for a double-

 

simulation (left column, a, c) and exposure results (righ

-wound spiral in Co for 200 pA and 2nA, respectively
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) and exposure results (right 

in Co for 200 pA and 2nA, respectively 



 

Figure 6.5 IonRevSim simulation 

column, b, d) for a double

d). 

simulation (left column, a, c) and exposure results (righ

) for a double-wound spiral in Fe for 2 nA a) and b), and 200 pA c) and 

171 

 

) and exposure results (right 

in Fe for 2 nA a) and b), and 200 pA c) and 



 

Figure 6.6 IonRevSim simulation (left column, a, c

column, b, d) for a double-

 

simulation (left column, a, c) and exposure results (righ

-wound spiral in Al2O3 for 2 nA and 200 pA, respectively.
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) and exposure results (right 

for 2 nA and 200 pA, respectively. 
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have good FIB machining response. It can be seen from Table 6.4 that the alloys, 

namely Al2O3 and Ti42Zr24Co16Ni15Be4, are among the materials exhibiting the 

highest percentage difference between simulated and actual results. That could be 

attributed to the fact that, even though a sophisticated software package was utilised 

for the simulations, it is not a trivial task to calculate precisely the parameters to 

simulate accurately the interaction between ion beams and complex alloys’ targets. 

 

It can be concluded that the simulation results obtained for ion beam sputtering of the 

investigated amorphous materials are very close to those calculated applying the layer 

thickness methodology in regard to the resulting feature depth. 

 

The IonRevSim (Svintsov et al., 2009) utilises quite different process variables to 

simulate the FIB milling process, in particular implementing a sensitivity coefficient, 

RS, rather than milling rate to account for the material properties and the machinability 

of a given material. So it can be regarded as another independent method for assessing 

the resulting depth in FIB milling. Thus, it can be considered that the depth 

assessments based on the simulation results and the ones calculated using fC  are of 

entirely independent origins. The actual exposure outcomes confirm both the values 

obtained for fC and the simulations’ results. This implies that the derivation method 

applied in this study is reliable and the obtained material constants can be used to 

estimate the resulting features’ profiles for the considered materials.  

 

6.4.4 Material response 

As stated above the milling rates are primarily determined by the sputtering rate 

(yield) of the material. The sputtering rates are investigated for many PVD/CVD and 
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charged particle processes (Wilson et al., 1997; Kilner et al., 2004) that involve 

bombardment with primary ion beams, e.g. O+, O-, Cs+, Ar+, Xe+, Ga+ in Secondary 

Ion Mass Spectrometry (SIMS), of target materials such as metals, insulators and 

semiconductors in single crystal, polycrystalline or amorphous states. The main 

factors that determine the sputtering yield are: 

 

• Mass mismatch between sputtering ions and atoms (molecules) of the 

targeted material. This factor has a significant effect on the obtained 

experimental results because of the significant mass mismatch of Ti, Fe, Co 

and Ni – based amorphous metals, in the range from 0.68 to 0.86, and single 

crystal alumina and Si, 1.46 and 0.4, respectively, in regards to Ga (Table 6.1). 

This mismatch affects the milling speed of the investigated materials (Table 

6.3).  

 

• The type of the bond in the sputtered material. Strong bonds may cause lower 

sputtering rates. In our case more representative interpretation of this factor 

could be obtained if the melting temperature (Tm) of the materials is used to 

judge about the bond strength (Table 6.1 and Figure 6.7). The energy of the 

incident ions is more readily absorbed in covalent bonded materials, and thus 

less is transferred to the surface, resulting in a reduced atom ejection, 

sputtering. Therefore in our experiments fC  and respectively the relative 

milling rates of the covalent bonded single crystal Al2O3 is significantly lower 

compared to the amorphous materials. The amorphous materials exhibit 

similar sputtering rate behaviour although variations of more than 20 % 

between the more ‘robust’ (Ti, Fe) and more ‘easily sputtered’ (Si, Ni) 
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amorphous alloys are evident. These differences are statistically significant 

taking into account that the uncertainties of the milling depth measurements 

do not exceed 6 to 8%. Therefore, fC  obtained by applying the described 

methodology must be taken into account when designing and implementing 

any ion beam milling strategy.  

 

The amorphous Co70(SiB)23Mn5(MoFe)2 alloy was studied in two forms: as received 

amorphous state (Co); and after explosive welding (Co*) onto stainless steel substrate 

to form a laminated composite substrate (Minev et al., 2008). The thereby fabricated 

laminate substrate could be described as having hard, wear resistant and anti-corrosive 

surface soft and ductile base, and thus has the necessary mechanical properties for 

producing masters for thermal replication processes. The sputtering experiments 

showed small differences of the milling yield between Co and Co*, within 6%, which 

is comparable to the measurement error. This is an evidence that no significant 

structural changes were triggered during the explosive treatment of the alloy. 

 

Amorphous silica and single crystal silicon materials have similar relative milling 

rates with only 5% difference between them, which is again comparable to the 

measurement error. This confirms the results obtained by other researchers that 

sputtering rates of Si, amorphous Si, SiO2, and Si3N4 are approximately the same 

(Wilson et al., 1997). Also, this is another confirmation that the bond energy has a 

predominant influence on the materials’ sputtering behaviour and not the molecular 

weight when comparing chemical compounds with covalent bonding.   

 



 

Figure 6.7 The dependence between

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 The dependence betweenfC and Tm. 
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6.5 Summary and conclusions 

The investigation carried out in this chapter concerns the behaviour of several 

amorphous materials suitable for fabrication of serial replication masters during FIB 

milling. Since depth estimation is a major issue in FIB machining it is the main focus 

of this research. The objective was to derive material coefficients for each material 

allowing for the estimation of the milling rate i.e. obtainable depth and total 

machining time for a given material with regard to Si as a benchmark. The layer 

thickness methodology was applied as a basis for the coefficients’ derivation. The 

obtained results were discussed with regard to the material aspects of ion sputtering. 

Then, the coefficients were verified by simulating the FIB machining of a complex 

3D feature in the targeted materials and then by comparing the simulation results with 

the structures obtained after actual FIB exposures. Specially developed software that 

takes into account the specific phenomena occurring during FIB sputtering in 

different milieus was employed to perform these simulations. 

 

Based on the investigations reported in this chapter the following conclusion can be 

drawn: 

 

1. The layer thickness, h, and its calculated tolerance interval are proportional to 

the applied dose per layer, DL, for all of the studied materials. Also, the layer 

thicknesses for the different materials are similar, excluding Al2O3, indicating 

high possibility for material interchange. 

 

2. Calculations of the total milling times for the investigated materials, made by 

utilising tC , revealed 5% to 36% increase compared to Si, supporting again 
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the concept of material interchange aiming at employing the most suitable 

material for a specific application. 

 

3. The material related constants fC  and tC  were verified by simulation studies 

of FIB milling with 200 pA and 2 nA beam current. The difference between 

the simulated and milled feature heights, H, was much less than 5% for the 

investigated materials. It was also shown that FIB milling with smaller 

currents results in higher-resolution features with better edge definition but 

increases the machining time substantially.  

 

4. The main factors that determine the sputtering yield and thus the FIB 

machining response of the materials studied in this chapter are (i) the mass 

mismatch between sputtering ions and atoms of the targeted material, which 

affects the milling speed and (ii) the type of bond in the sputtered material, 

and more specifically, the bond energy, which has a predominant influence on 

the material’s sputtering behaviour.  
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CHAPTER 7 

 

CONTRIBUTIONS, CONCLUSIONS AND FUTURE 

WORK 

 

7.1 Contributions 

The overall aim of this research was to investigate the cost-effective implementation 

of the FIB technology in master-making process chains for serial replication. To 

accomplish this task the following research concerns were investigated: 

• development and validation of cost-effective process chains for fabrication of 

replication tool incorporating FIB milling as a component technology; 

• cost-effective production of complex 3D features of different length scales 

onto a single component; 

• accurate depth estimation in layer-based FIB milling; 

• the machining response of different master-making materials during layer-

based FIB milling. 

The main research findings and contributions to the existing knowledge in micro and 

nano manufacturing technologies are presented below. 

 

7.1.1 Process chain for fabrication of replication masters 

A novel process chain for fabrication of replication masters was developed and 

validated for serial fabrication of organic electronic (OTFT) devices. The proposed 

master-making route relies on using different technologies for micro structuring and 
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sub-micron and nano patterning that are applied to the fabrication of Ni shims 

incorporating different length scale features. The inspections carried out after each 

component technology of this process chain led to the following conclusions.   

 

High aspect ratio features were more difficult to structure. Any deviations during the 

template structuring stages affect the follow-up replication process and therefore 

measures should be taken to account for them in advance. This was further confirmed 

during the replication stage where it was observed that features with bigger lateral 

dimensions and low aspect ratios replicated better. 

  

The analysis carried out at each stage of the process chain revealed a maximum of 

5.6% difference on average between the features’ dimensions at the structuring and S-

FIL replication stages, and 1.5% difference between corresponding features on the 

NIL imprint and the Ni shim, which indicated very good process compatibility 

between the component technologies in the process chain, especially for the targeted 

length scale range. Finally, the fabricated replication tool was implemented 

successfully as a master for R2R hot embossing, where a batch of OTFT devices on 

flexible substrates was produced.   

 

7.1.2 Realisation of 3D structuring and FLSI into a single component  

The process chain developed in Chapter 3 was modified to demonstrate the capability 

of FIB milling in combination with UV imprinting and electroforming to produce 

replication tools incorporating complex 3D features and patterns of different length 

scales. The produced tool was validated as a stamp for hot embossing. The main 

findings made during this investigation are presented below. 
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The selection of appropriate data generation techniques is of crucial importance for 

the accurate production of high resolution 3D features. Therefore, the pattern data 

preparation approach offering most advantages with regard to generation of complex 

3D geometries to serve a specific purpose must be utilised. In this research, the layer-

based approach, in which the target geometry is defined as a stack of layers ordered 

along the vertical axis of the structure and all contained into a single data file was 

found to yield the best outcome for complex 3D features. 

 

The thorough analysis of the obtained results after the implementation of each 

component technology in this process chain showed an average difference in 

corresponding features’ lateral dimensions of less than 3%, thus justifying the 

technologies selection in regard to process compatibility. Furthermore, the difference 

between the structures on the Ni shim and those on the HE replicas was within 1% 

indicating the high level of complementarity and excellent quality of the process 

chain’s end product. This conclusion is also confirmed by the results obtained from 

the depth analysis where the average deviation was only within 1.4%. 

 

Analysis of the profiles of the corresponding pyramids on the template, the NIL 

imprint, the Ni shim and HE replica clearly revealed that they were parallel to each 

other, indicating that (i) the targeted 3D geometry was accurately produced by FIB 

milling, and (ii) the tips remained in the centre of the respective pyramids throughout 

all machining and replication steps of the process chain without compromising the 

structures’ functional requirements.  

 

The following factors that are inherent to the various steps of the process chain were 
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considered to have the highest influence on its overall performance: the measurement 

uncertainty including the system calibration and the measurement strategy, the 

process parameters’ optimisation for the different component technologies, the 3D 

pattern generation strategies and the material properties. 

 

7.1.3 Depth estimation in layer-based FIB milling 

To address the issues related to the achievable dimensions in direction normal to the 

machined surface during FIB milling, a methodology for total feature depth 

estimation was developed and validated. It relates the total depth to the layer depth 

obtainable with specified sets of exposure parameters. The findings in this study are 

summarised below. 

 

The layer thickness can be considered the same for a given area dose per layer for a 

given material, regardless of the beam current magnitude. The results suggest that the 

layer thickness is proportional to the applied dose per layer, which could be used in 

selecting processing windows for producing structures with a given depth. However, 

it should be noted that there is a critical layer thickness for any given area dose, above 

which the re-deposition cannot be considered negligible anymore.   

 

The total height/depth of layer-based FIB milled features can be calculated as a 

product of the layer thickness for a given dose and the number of layers selected to 

produce them. However, this is only valid for the linear part of the total thickness / 

number of layers interdependence. 
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It is possible to estimate accurately the tolerance/uncertainty intervals of machined 

features’ heights. Especially, in the conducted experiments the heights of all FIB 

milled features were within the calculated tolerance ranges and their deviations were 

within 2 to 5%. It was observed that an increase of layer thickness and higher doses 

tend to lead to higher deviations from the targeted values.  

 

7.1.4 Layer-based FIB milling of different amorphous materials 

The machining response to FIB milling of several amorphous materials suitable for 

replication masters was investigated in order to relate their behaviour to that of a 

benchmark material, such as silicon. The methodology for estimating the ion beam 

milled depths of different materials relative to Si described in Chapter 6 is an effective 

and convenient approach for assessing and improving FIB machining strategies and 

process accuracy in the direction normal to the substrate surface when milling 3D 

structures. More specifically by applying this methodology for estimating the milling 

rate of other materials relative to single crystal Si by employing the material specific 

constant, fC , it is possible to produce structures with an accuracy within 6 to 8% of 

their nominal dimensions in the direction normal to the substrate surface. The latter 

was confirmed by the simulation studies carried out with a specially developed ion 

sputtering simulation software. 

 

The total time needed to mill a desired feature in a given material can be compared to 

the time necessary to produce the same structure in Si and thus calculated by utilising 

the inverse constant of
 fC - tC  . The obtained tC  values will facilitate the possible 

interchange of master materials, which will allow for a greater flexibility when 

designing application specific process chains.   
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The sputtering yield of the amorphous materials investigated in this research, SiO2, 

Fe, Co, Ni, and Ti based alloys, were experimentally found to be only 14 to 35% 

lower than those achievable for a single crystal Si and amorphous SiO2. In addition, 

the milling rates of these amorphous materials were significantly higher, with factor 

of 3, compared to that achieved for the single crystal alumina (Al2O3). This can be 

explained with the covalent bonding of Al2O3 that results in a reduced atom ejection, 

sputtering, by the incident ions.   

 

7.2 Conclusions 

Based on the research carried out the following generic conclusions can be made: 

• The utilisation of process chains as a means for fabrication of replication 

masters allows the cost-effective combination of the capabilities and 

advantages of a number of manufacturing technologies. When each of the 

implemented processes is utilised in its optimal processing window and the 

technologies are selected so as to guarantee optimal process compatibility and 

complementarity, the influence of the error factors on the overall process chain 

performance can be minimised. The unique patterning capabilities of the FIB 

technology can be cost-effectively utilised for sub-micron and nano 

structuring in such process chains. The high processing times can be 

minimised by multiplying the resulting topography over a larger area, e.g. 

using UV-NIL S-FIL technology, and then transferring it to a suitable tooling 

material employing electroforming.  

 

• Process chains can be successfully applied for producing components 
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incorporating complex 2.5D and 3D structures of different length-scales. The 

implementation of FIB milling as a component technology of process chains 

guaranteed the precise fabrication of 3D features and showed the technology’s 

important role for the successful achieving of FLSI into a single 

component/product. Analysis of the complex features’ profile revealed that the 

feature geometry was accurately transferred through the stages of the process 

chains to the end product and also that a careful selection of inspection 

strategies in order to minimise measurement uncertainty is required. 

Furthermore, the successful implementation of the modified process chain 

proved that the diversity of available technologies allows for flexibility and 

innovative design solutions when developing process chains for specific 

applications. 

 

• By investigating in details the relationship between layer depth, total feature 

depth and area dose in layer-based FIB milling as well as FIB sputtering 

effects like material re-deposition it was possible to develop a methodology 

for depth estimation. It allows for accurately calculating the total depth of the 

feature and a tolerance interval defining its acceptable variations. Validation 

of the methodology through FIB milling of complex 3D features revealed that 

it can be reliably applied to different strategies for 3D geometry data 

generation and wide range of number of layers. 

 

• The obtainable total depth and the total milling time for layer-based FIB 

machining of a given structure in a selected amorphous material can be 

estimated by linking the milling rate/sputtering yield of the used material to 
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that achievable in a benchmark material, e.g.  Si.  That is accomplished by 

deriving material related constants fC and tC  that characterise the material 

response to FIB milling. By using fC  and tC the overall cost-effectiveness of 

any designed master/insert manufacturing route can be improved by utilising 

the most suitable material and optimised machining parameters.  

 

7.3 Future Work 

Alignment issues are of high importance for the successful realisation of process 

chains combining the capabilities of different component technologies. Thus, the 

introduction of a system that creates alignment marks as data files that can be utilised 

by all the consecutive processes could bring significant improvements. If during the 

design of a process chain the compatibility of the used data format with the software 

systems applied to control the various component technologies could be assured this 

can have a significant impact on the cost-effectiveness of the process chain. Also, the 

use of a common data format at all processing stages would facilitate achieving not 

only the necessary alignment of structures machined with different technologies but 

also the necessary level of integration in any process chain. 

 

The uncertainty issues of process chains can be addressed by developing and 

implementing systematic procedures for preliminary detailed analysis of error factors. 

This should include risk assessment of the possibility of fault occurrence at each stage 

of the process chain as well as its influence on the follow-up technologies and the 

overall quality and cost of end product.  
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The methodology for layer depth estimation developed in Chapter 5 of this research is 

based on empirical studies of the linear part of the interdependency between the total 

feature depth and the number of layers (H-NL) applied. While it is very accurate for 

predicting the total feature depth in cases when re-deposition can be considered 

negligible, a modified version to account for this phenomenon would be a major 

improvement in planning and performing of layer-based FIB milling. Therefore, a 

detailed investigation of dependences outside the H-NL linear range could enable the 

development of models/strategies that can be used to compensate for re-deposited 

atoms. Hybrid models, combining layer-based and “dose distribution” or gray tone 

FIB milling can be possible solution to correcting the non-linearity but would require 

further investigations. 

 

The material related constants fC and tC  were derived empirically and even though 

they were validated through simulation studies performed with a tool utilising entirely 

different process variables to simulate FIB sputtering, the methodology could benefit 

from further analytical studies. An in-depth theoretical analysis describing all physical 

phenomena of the FIB milling and the ‘ion-target’ interactions, including process 

specifics like re-deposition of atoms and angle-dependent sputtering, through 

mathematical models could (i) facilitate  the determination of material related 

constants for other application specific materials, and (ii) eliminate the influence of 

intrinsic uncertainty factors such as momentary condition of the LMIS and the FIB 

system, beam defocusing, shift or intensity fluctuations, vibrations and magnetic 

fields. 
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APPENDIX A 

Determination of the uncertainty for the measuring 
instrument – Carl-Zeiss XB 1540 Scanning Electron 
Microscope (SEM)  
 

 
The applied procedure as well as the equations used for the uncertainty calculations 

was performed following an established methodology (Kirkup and Frenkel, 2006). 

The equations used are listed below: 

Determination of standard uncertainty in the mean )(xu : 
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Combining standard uncertainties: 
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Expanded uncertainty U(y) 

 

U(y)=k.u(y),       (A.4) 

 

where k is a coverage factor determined at a level of confidence (i.e. 95 %) for a given 

number of degrees of freedom ν: 



189 
 

 

∑
=

=
n

i i

ii

eff
xuc

yu

1

44

4

)(

)(

ν

ν ,       (A.5) 

 
 
and    1−= nν       (A.6) 
 
 
A calibration sample with silicon calibration gratings was used in determining the 

measurement uncertainty of the SEM. It had the following specifications: silicon 

calibration gratings of the TGX01 series, comprising of a chessboard-like array of 

square pillars with active area: 2x2 mm; step height 170 ± 4 nm; pitch 3 µm; accuracy 

of pitch ± 5 nm and side of square of approximately 1.15 µm. The calibration 

specimen was specifically chosen as it enables obtaining of measurements in two 

orthogonal directions, which is highly recommended when dealing with SEM 

calibration and measurement uncertainty (Leach, 2010). Repeated measurements of 

the pitch at randomly chosen place on the calibration sample were performed. Twenty 

measurements were taken at each of the three most often utilised magnifications: 

3600X, 16 000X (16kX) and 35 kX (22 kX in vertical direction uncertainty 

calculations). The uncertainty calculations provided below reveal that the 

measurement uncertainty of the instrument tends to decrease with the increase of the 

magnification. Therefore, for conducting measurements with the SEM, the highest 

possible magnifications, achievable for the given dimensional range/scale, are usually 

selected.  

 

The best estimate of the pitch is presented by the equation: 

 
P = X + Z,      (A.7) 

 
Where X is the mean value obtained through repeated measurements: 



190 
 

 

n

x
X

n

i
i∑

== 1       (A.8) 

 
Z is the best estimate of the correction which accounts for the effects of systematic 

error like calibration error or resolution error etc. 

 

Standard uncertainty in X  

It’s based on Type A evaluation of uncertainty:  

n

s
Xu =)(       (A.9) 

 

The number of degrees of freedom is vx = n – 1 = 20 – 1=19 

 

Determination of Z and standard uncertainty in Z 

Since it’s not known whether the error has positive or negative sign the best estimate 

of the correction is Z=0. It’s not based on a statistical analysis, and is therefore Type 

B evaluation of uncertainty. As already mentioned this is a correction due to error. As 

the only calibration information available is the pitch accuracy δ = 5nm the standard 

uncertainty in Z becomes:  

 

anwhereZu −== ν
ν

δ
,

2
)( ,    (A.10) 

 

Where a is the number of values calculated based on this sample. In this case a=0, 

since no statistical analysis was performed, so v = n = 20. 

 

mx
x

x
Zu µ3

3
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)( −

−

===  
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As u(Z) is negligibly small the number of degrees of freedom vz →∞. 

 

• Uncertainty for 3.6 kX 

 
For magnification of 3.6 kX: 

X = 2.981 µm 

s = 0.04675 µm 

u(X) = 0.0105 µm 

Combined uncertainty for 3.6 kX magnification: 
 

mxxxZuXuPu µ666222 1087.1101062.01025.110)()()( −−− =+=+=  

 

u(P) = 10.53x10-3 µm 

 

zx

eff zuxu

Pu

νν

ν
)()(

)(
44

4

+
= , since vz →∞, the u(z) part becomes zero and cancels, so 

 

veff = (10.53x10 – 3)4/[(10.5 x 10-3)4/19] = 19.22 ~ 19 

 

K (95%, 19) = 2.09 

 
Expanded uncertainty: 
 
U(P)= u(P). k = 10.53x10-3x2.09 = 22.01x10-3 µm 

U(P) = ± 22 nm  

Pitch = 3± 0.022 µm 

 
• Uncertainty for 16 kX 
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X = 2.979 µm 

s = 0.02565 µm 

 

u(X) = 0.0057 µm 

Combined uncertainty for 16 kX magnification 

mxxxZuXuPu µ666222 1011.331062.01049.32)()()( −−− =+=+=  

 

u(P) = 5.75x10-3 µm 

 

veff = (5.75x10 – 3)4/[(5.7 x 10-3)4/19] = 19.67 ~ 20 

 

k (95%, 20) = 2.09 

 

Expanded uncertainty: 

U(P)= u(P). k = 5.75x10-3x2.09 = 12.02x10-3 µm 

U(P) = ± 12 nm 

 Pitch = 3 ± 0.012 µm 

 

• Uncertainty for 35 kX 

 

X = 2.991 µm 

s = 0.01854 µm 

u(X) = 0.0041 µm 

Combined uncertainty for 35 kX magnification 
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mxxxZuXuPu µ666222 1043.171062.01081.16)()()( −−− =+=+=  

 

u(P) = 4.17x10-3 µm 

 

veff = (4.17x10 – 3)4/[(4.1 x 10-3)4/19] = 20.33 ~ 20 

 

k (95%, 20) = 2.09 

 

Expanded uncertainty: 

U(P)= u(P)x k = 4.17x10-3x2.09 = 8.7x10-3 µm 

U(P) = ± 9 nm 

Pitch = 3 ± 0.009 µm 

 

Determination of the uncertainty in vertical direction 

Due to the specific features of the SEM software principle of operation the 

measurement along the vertical axis is the product of the value measured along the Y-

axis in the XY plane and the correction coefficient equal to 1/cosζ (ζ = 36o). That 

gives the true vertical value provided the 36 degrees’ tilt correction option is on. As 

cosζ is constant, the measurement uncertainty in vertical direction would be equal to 

the measurement uncertainty along Y axis of the XY plane.  

 

With the same sample taken for determination of the uncertainty along z-axis i.e. 

depth measurement, and 20 repeated measurements of the pitch along Y axis, u(Z) 

remains: 
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• For magnification of 3.6 kX 

X = 2.998 µm 

s = 0.03045 µm 

u(X) = 0.0068 µm 

 

Combined uncertainty for 3.6 kX magnification 

mxxxZuXuPu µ666222 1086.461062.01024.46)()()( −−− =+=+=  

 

u(P) = 6.84x10-3 µm 

 

zx

eff zuxu

Pu

νν

ν
)()(

)(
44

4

+
= , since vz →∞, the u(z) part becomes zero and cancels, so 

 

veff = (6.84x10 – 3)4/[(6.8 x 10-3)4/19] = 19.11 ~ 19 

 

k (95%, 19) = 2.09 

 

Expanded uncertainty: 

U(P)= u(P). k = 6.84x10-3x2.09 = 14.30x10-3 µm 

U(P) = ± 14 nm  

Pitch = 3 ± 0.014 µm 
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• Uncertainty for 16 kX 

X = 3.006 µm 

s = 0.01611 µm 

 

u(X) = 0.0036 µm 

 

Combined uncertainty for 16 kX magnification 

mxxxZuXuPu µ666222 1058.131062.01096.12)()()( −−− =+=+=  

 

u(P) = 3.68x10-3 µm 

 

veff = (3.68x10 – 3)4/[(3.6 x 10-3)4/19] = 19.42 ~ 19 

 

k (95%, 19) = 2.09 

 

Expanded uncertainty: 

U(P)= u(P)x k = 3.68x10-3x2.09 = 7.69x10-3 µm 

U(P) = ± 8 nm 

 Pitch = 3 ± 0.008 µm 

 

• For magnification of 22 kX: 

X = 2.994 µm 

s = 0.01469 µm 

u(X) = 0.0033 µm 
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Combined uncertainty for 22 kX magnification 

mxxxZuXuPu µ666222 1051.111062.01089.10)()()( −−− =+=+=  

 

u(P) = 3.39x10-3 µm 

 

zx

eff zuxu

Pu

νν

ν
)()(

)(
44

4

+
= , since vz →∞, the u(z) part becomes zero and cancels, so 

 

veff = (3.39x10 – 3)4/[(3.3 x 10-3)4/19] = 19.52 ~ 20 

 

k (95%, 20) = 2.09 

 

Expanded uncertainty: 

U(P)= u(P)x k = 3.39x10-3x2.09 = 7.085x10-3 µm 

U(P) = ± 7 nm  

Pitch = 3 ± 0.007 µm 
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APPENDIX B 

FWHM measurements of the OTFT channels and calculated 
uncertainty  
 

Table B.1 FWHM measurements of the channels at every stage of the process chain 

Target 
Value [nm] FWHM on the Template [nm] 

450 379.3 379.3 384.4 361.8 384.4 381.3 384.4 
600 481.5 488.6 473 481.5 456.6 532.5 456.6 
900 812.1 815.4 815.4 848.3 812.1 791 790.1 

1200 989 1032 912 1032 1059 987 912 
2400 2232 2197 2322 2118 2361 2197 2197 
5000 4995 4995 5103 4995 4943 4991 4943 

  FWHM on the NIL imprint [nm] 
450 343.6 323.6 401.6 323.6 345.6 343.6 323.6 
600 457.6 535.5 456.6 456.6 427.7 441.7 427.7 
900 743.8 743.8 768.8 731.2 743.8 731.2 743.8 

1200 920.3 978.8 861.5 920.3 920.3 920.3 920.3 
2400 2126 2150 2118 2126 2118 2118 2126 
5000 4800 4800 4850 4756 4800 4750 4844 

  FWHM on the Ni shim [nm] 
450 348.4 357.3 334.2 336.1 348.4 357.3 357.3 
600 477.2 467.1 467.1 477.2 477.2 477.2 497.7 
900 750 739.8 739.8 780.7 750 739.8 750 

1200 912 910.5 910.5 917.9 910.5 910.5 912 
2400 2141 2126 2126 2156 2141 2156 2141 
5000 4846 4846 4738 5052 4748 4846 4846 

  FWHM on the R2R imprint [nm] 
450 664 689 664 664 657.3 645.7 664 
600 753.4 756.8 753.4 756.8 749.9 753.4 749.9 
900 1181 1131 1181 1181 1181 1231 1181 

1200 1331 1575 1252 1331 1245 1331 1252 
2400 2802 2799 2802 2784 2802 2841 2784 
5000 5406 5135 5677 5406 5406 5135 5677 

  
 
 
 
 
 
 
 
 
 
 
 



198 
 

Table B.2 Uncertainty analysis and calculation for FWHM values at all the stages of 
the process chain 
 

Template 

x 
 [nm] 

)(xu  
 [nm] 

)(xu  
[nm] 

u(P) 
[nm] 

uc(x) 
[nm] effν  k 

)(. xukU c=  

[nm] 
379.3 8.04 3.04 11.38 11.78 infinite 1.96 23.1 
481.5 25.70 9.71 14.45 17.41 ~100 1.98 34.5 
812.1 19.41 7.34 24.36 25.44 infinite 1.96 49.9 
989 58.40 22.07 29.67 36.98 ~ 50 2.01 74.3 
2232 83.08 31.40 66.96 73.96 ~100 1.98 146.4 
4995 53.37 20.17 149.85 151.20 infinite 1.96 296.4 

NIL imprint 
343.6 27.59 10.43 10.31 14.66 ~ 30 2.04 29.9 
457.6 36.77 13.90 13.73 19.53 ~ 30 2.04 39.9 
743.8 12.53 4.74 22.31 22.81 infinite 1.96 44.7 
920.3 33.86 12.80 27.61 30.43 ~100 1.98 60.3 
2126 11.31 4.28 63.78 63.92 infinite 1.96 125.3 
4800 38.45 14.53 144.00 144.73 infinite 1.96 283.7 

Ni shim 
348.4 9.92 3.75 10.45 11.11 ~100 1.98 22.0 
477.2 10.20 3.86 14.32 14.83 infinite 1.96 29.1 
750 14.46 5.47 22.50 23.15 infinite 1.96 45.4 
912 2.70 1.02 27.36 27.38 infinite 1.96 53.7 
2141 12.25 4.63 64.23 64.40 infinite 1.96 126.2 
4846 103.04 38.95 145.38 150.51 infinite 1.96 295.0 

R2R imprint 
664 12.94 4.89 19.92 20.51 ~100 1.98 40.6 

753.4 2.82 1.06 22.60 22.63 infinite 1.96 44.3 
1181 28.87 10.91 35.43 37.07 ~100 1.98 73.4 
1331 115.05 43.48 39.93 59.04 ~ 30 2.04 120.4 
2802 19.05 7.20 84.06 84.37 infinite 1.96 165.4 
5406 221.27 83.63 162.18 182.47 ~100 1.98 361.3 

 
Note: x denotes the average of the FWHM measurements 
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APPENDIX C 

Data and detailed calculations for the materials investigated 
in Chapter 6 

Data for Alumina (Al 2O3) 

 

Establishing of the total depth and individual layer thickness, h, as a function of the 

selected FIB process parameters 
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Determination of tolerance intervals 

 

Layer thickness, h, obtained for Alumina 

DL [µAs/cm2] DL 1 = 2x103  DL 2 = 4x103  DL 3 = 6x103  

h [nm] 1.5 ±0.1 3.0 ±0.2 4.5 ±0.3 

 

Uncertainty analysis and calculation for the three area doses per layer (DL) 

DL 

[µAs/cm2] 

h , 

[nm] 

)(hu , 

[nm] 

u(P), 

[nm] 

)(huc , 

[nm] 
effν  k 

)(. hukU c= , 

[nm] 

DL 1 1.549 0.03 0.05 0.06 25 2.06 0.12 

DL 2 3.003 0.03 0.09 0.10 ~100 1.98 0.19 

DL 3 4.464 0.03 0.13 0.14 ~100 1.98 0.27 

 

FIB milling of 3D features- 100 layers convex 2x2 um base pyramids 

 

DL 1 (Fig. C.1 a): calculated H - 150 ± 10 nm; actual H – 146.9 nm; deviation - 2%. 

DL 2 (Fig. C.1 b): calculated H - 300 ± 20 nm; actual H – 317.3 nm; deviation – 5.8%. 

DL 3 (Fig. C.1 c):  calculated H - 450 ± 30 nm; actual H – 464.2 nm; deviation - 3%. 

 

 
 
 
 
 
 
 
 
 
Figure C.1 Convex pyramid with 2x2 µm base in a 4x4 µm trench, produced by FIB 

milling of 100 layers with a) DL 1, b) DL 2 and c) DL 3. The scale bar denotes 200 nm.   

a) b) c) 

__ __ __ 
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Data for Cobalt (Co80.61Si8.37Mn5.03C2.73 Mo1.91Fe1.35) 
 

Establishing of the total depth and individual layer thickness, h, as a function of 

the selected FIB process parameters 
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Determination of tolerance intervals

 

Layer thickness, h, obtained for Cobalt

DL [µAs/cm2] DL 1 = 2

h [nm] 5.1 ±0.3

 

Uncertainty analysis and calculation for the three area doses per layer (

DL 

[µAs/cm2] 

h , 

[nm] 

(u

[nm]

DL 1 5.066 0.06

DL 2 10.240 0.09

DL 3 15.343 0.17

 

FIB milling of 3D features 

 

DL 1 (Fig. C.2 a): calculated 

DL 2 (Fig. C.2b): calculated 

DL 3 (Fig. C.2 c):  calculated 

Figure C.2 Convex pyramid with 2x2 µm base in a 4x4 µm trench, produced by FIB 

milling of 100 layers with a) 

Determination of tolerance intervals 

, obtained for Cobalt 

1 = 2x103  DL 2 = 4x103  DL 3 = 6x10

±0.3 10.2 ±0.6 15.3 ±1.0

Uncertainty analysis and calculation for the three area doses per layer (

)(h , 

[nm] 

u(P), 

[nm] 

)(huc , 

[nm] 
effν  k 

0.06 0.15 0.16 ~100 1.98 

0.09 0.31 0.32 ~100 1.98 

0.17 0.46 0.49 ~100 1.98 

FIB milling of 3D features – 100 layers convex pyramid 

2 a): calculated H - 510 ± 30 nm; actual H – 519.2 nm; deviation 

b): calculated H - 1020 ± 60 nm; actual H – 1063 nm; deviation 

2 c):  calculated H - 1530 ± 100 nm; actual H – 1606 nm; deviation 

Convex pyramid with 2x2 µm base in a 4x4 µm trench, produced by FIB 

milling of 100 layers with a) DL 1, b) DL 2 and c) DL 3. 

204 

103  

±1.0 

Uncertainty analysis and calculation for the three area doses per layer (DL) 

)(. hukU c= , 

[nm] 

 0.32 

 0.64 

 0.97 

519.2 nm; deviation – 1.8%. 

1063 nm; deviation – 4.2%. 

1606 nm; deviation - 5%. 

 

Convex pyramid with 2x2 µm base in a 4x4 µm trench, produced by FIB 
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Data for Cobalt* (Co81.29Si8.26Mn 4.95C2.17Mo2.10Fe1.24) 

 

Establishing of the total depth and individual layer thickness, h, as a function of 

the selected FIB process parameters 
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Determination of tolerance intervals 

 

Layer thickness, h, obtained for Cobalt* 

DL [µAs/cm2] DL 1 = 2x103  DL 2 = 4x103  DL 3 = 6x103  

h [nm] 4.8 ±0.4 9.7 ±0.7 14.5 ±1.2 

 

Uncertainty analysis and calculation for the three area doses per layer (DL) 

DL 

[µAs/cm2] 

h , 

[nm] 

)(hu , 

[nm] 

u(P), 

[nm] 

)(huc , 

[nm] 
effν  k 

)(. hukU c= , 

[nm] 

DL 1 4.808 0.11 0.14 0.18 15 2.13 0.39 

DL 2 9.699 0.20 0.29 0.35 20 2.09 0.74 

DL 3 14.547 0.33 0.44 0.54 16 2.12 1.16 

 

FIB milling of 3D features – 100 layers convex pyramid 

 

DL 1 (Fig. C.3 a): calculated H - 480 ± 40 nm; actual H – 464.2 nm; deviation – 3.3%. 

DL 2 (Fig. C.3 b): calculated H - 970 ± 70 nm; actual H – 952 nm; deviation – 1.9%. 

DL 3 (Fig. C.3c):  calculated H- 1450 ± 120 nm; actual H– 1530 nm; deviation– 5.5%. 

 

Figure C.3 Convex pyramid with 2x2 µm base in a 4x4 µm trench, produced by FIB 

milling of 100 layers with a) DL 1, b) DL 2 and c) DL 3. 
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Data for Iron (Fe81B13.5Si3.5C2) 

 

Establishing of the total depth and individual layer thickness, h, as a function of 

the selected FIB process parameters 
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Determination of tolerance intervals 

 

Layer thickness, h, obtained for Iron 

DL [µAs/cm2] DL 1 = 2x103  DL 2 = 4x103  DL 3 = 6x103  

h [nm] 4.2 ±0.3 9.0 ±0.6 13.7 ±0.8 

 

Uncertainty analysis and calculation for the three area doses per layer (DL) 

DL 

[µAs/cm2] 

h , 

[nm] 

)(hu , 

[nm] 

u(P), 

[nm] 

)(huc , 

[nm] 
effν  k 

)(. hukU c= , 

[nm] 

DL 1 4.172 0.04 0.13 0.13 ~100 1.98 0.26 

DL 2 9.030 0.08 0.27 0.28 ~100 1.98 0.56 

DL 3 13.710 0.07 0.41 0.42 infinite 1.96 0.82 

 

FIB milling of 3D features – 100 layers convex pyramid 

 

DL 1 (Fig. C.4 a): calculated H - 420 ± 30 nm; actual H – 426.7 nm; deviation – 1.6%. 

DL 2 (Fig. C.4 b): calculated H - 900 ± 60 nm; actual H – 931.6 nm; deviation – 3.5%. 

DL 3 (Fig.C.4c):  calculated H - 1370 ± 80 nm; actual H – 1358 nm; deviation – 0.9%. 

 

Figure C.4 Convex pyramid with 2x2 µm base in a 4x4 µm trench, produced by FIB 

milling of 100 layers with a) DL 1, b) DL 2 and c) DL 3 
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Data for Nickel (Ni92.58Si5.15Fe0.29C1.98) 

 

Establishing of the total depth and individual layer thickness, h, as a function of 

the selected FIB process parameters 
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Determination of tolerance intervals 

 

Layer thickness, h, obtained for Nickel 

DL [µAs/cm2] DL 1 = 2x103  DL 2 = 4x103  DL 3 = 6x103  

h [nm] 5.2 ±0.5 10.6 ±0.7 16.0 ±1.1 

 

Uncertainty analysis and calculation for the three area doses per layer (DL) 

DL 

[µAs/cm2] 

h , 

[nm] 

)(hu , 

[nm] 

u(P), 

[nm] 

)(huc , 

[nm] 
effν  k 

)(. hukU c= , 

[nm] 

DL 1 5.153 0.16 0.15 0.23 7 2.36 0.53 

DL 2 10.563 0.16 0.32 0.36 40 2.02 0.72 

DL 3 16.050 0.26 0.48 0.55 40 2.02 1.10 

 

FIB milling of 3D features – 100 layers convex pyramid 

 

DL 1 (Fig. C.5 a): calculated H - 520 ± 50 nm; actual H – 511.2 nm; deviation – 1.7%. 

DL 2 (Fig. C.5b): calculated H - 1060 ± 70 nm; actual H – 1022 nm; deviation – 3.6%. 

DL 3 (Fig. C.5c):  calculated H- 1600 ± 110 nm; actual  – 1606 nm; deviation– 0.4%. 

 

Figure C.5 Convex pyramid with 2x2 µm base in a 4x4 µm trench, produced by FIB 

milling of 100 layers with a) DL 1, b) DL 2 and c) DL 3 
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Data for Quartz (SiO2) 

 

Establishing of the total depth and individual layer thickness, h, as a function of 

the selected FIB process parameters 
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Determination of tolerance intervals 

 

Layer thickness, h, obtained for Quartz 

DL [µAs/cm2] DL 1 = 2x103  DL 2 = 4x103  DL 3 = 6x103  

h [nm] 5.7 ±0.3 11.4 ±0.7 17.3 ±1.0 

 

Uncertainty analysis and calculation for the three area doses per layer (DL) 

DL 

[µAs/cm2] 

h , 

[nm] 

)(hu , 

[nm] 

u(P), 

[nm] 

)(huc , 

[nm] 
effν  k 

)(. hukU c= , 

[nm] 

DL 1 5.651 0.05 0.17 0.18 ~100 1.98 0.35 

DL 2 11.363 0.03 0.34 0.34 infinite 1.96 0.67 

DL 3 17.257 0.03 0.52 0.52 infinite 1.96 1.02 

 

FIB milling of 3D features – 61 layers concave pyramid 

 

DL 1 (Fig. C.6a): calculated H–347.7 ± 18.3nm; actual H–346.1 nm; deviation– 0.5%. 

DL 2 (Fig. C.6b): calculated H– 695.4 ± 42.7nm; actual H–707.1nm; deviation– 1.7%. 

DL 3 (Fig. C.6c):  calculated H–1055.3 ± 61 nm; actual H–1001nm; deviation – 5.1%. 

 

 

Figure C.6 Concave pyramid with 2x2 µm base, produced by FIB milling of 61 layers 

with a) DL 1, b) DL 2 and c) DL 3 
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Data for Silicon (Si) 

 

Establishing of the total depth and individual layer thickness, h, as a function of 

the selected FIB process parameters 
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Determination of tolerance intervals 

 

Layer thickness, h, obtained for Silicon 

DL [µAs/cm2] DL 1 = 2x103  DL 2 = 4x103  DL 3 = 6x103  

h [nm] 5.9 ±0.4 12.2 ±1.0 18.1 ±1.8 

 

Uncertainty analysis and calculation for the three area doses per layer (DL) 

DL 

[µAs/cm2] 

h , 

[nm] 

)(hu , 

[nm] 

u(P), 

[nm] 

)(huc , 

[nm] 
effν  k 

)(. hukU c=
, [nm] 

DL 1 5.908 0.03 0.18 0.18 infinite 1.96 0.35 

DL 2 12.153 0.30 0.36 0.47 12 2.18 1.03 

DL 3 18.133 0.54 0.54 0.77 8 2.31 1.77 

 

FIB milling of 3D features – 100 layers convex pyramid 

 

DL 1 (Fig. C.7a): calculated H-359.9±24.4 nm; actual H – 364.7nm; deviation – 1.3%. 

DL 2 (Fig. C.7b): calculated H- 744.2 ± 61nm; actual H – 748.1 nm; deviation – 0.5%. 

DL 3 (Fig.C.7c):  calculated H –1104.1±109.8nm; actual H – 1001nm; deviation - 9%. 

 

 

Figure C.7 Concave pyramid with 2x2 µm base, produced by FIB milling of 61 layers 

with a) DL 1, b) DL 2 and c) DL 3 
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Data for Ti BMG (Ti 42Zr 24Co16Ni15Be4) 

 

Establishing of the total depth and individual layer thickness, h, as a function of 

the selected FIB process parameters 
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Determination of tolerance intervals 

 

Layer thickness, h, obtained for Ti alloy 

DL [µAs/cm2] DL 1 = 2x103  DL 2 = 4x103  DL 3 = 6x103  

h [nm] 4.8 ±0.4 10.1 ±0.6 15.2 ±0.9 

 

Uncertainty analysis and calculation for the three area doses per layer (DL) 

DL 

[µAs/cm2] 

h , 

[nm] 

)(hu , 

[nm] 

u(P), 

[nm] 

)(huc , 

[nm] 
effν  k 

)(. hukU c= , 

[nm] 

DL 1 4.840 0.12 0.15 0.19 12 2.18 0.41 

DL 2 10.113 0.04 0.30 0.31 infinite 1.96 0.60 

DL 3 15.247 0.003 0.46 0.46 infinite 1.96 0.90 

 

FIB milling of 3D features – 100 layers convex pyramid 

DL 1 (Fig. C.8 a): calculated H - 480 ± 40 nm; actual H – 512.3 nm; deviation – 6.7%. 

DL 2 (Fig. C.8b): calculated H - 1010 ± 60nm; actual H – 967.2 nm; deviation – 4.2%. 

DL 3 (Fig. C.8 c):  calculated H - 1520 ± 90nm; actual H – 1486nm; deviation – 2.2%. 

 

 

Figure C.8 Convex pyramid with 2x2 µm base in a 4x4 µm trench, produced by FIB 

milling of 100 layers with a) DL 1, b) DL 2 and c) DL 3 



 

Simulation Data for Quartz, Nickel and Ti BMG

 

Figure C.9 IonRevSim simulation (left column, a, c

column, b, d) for a double-

 

 

 

 

Simulation Data for Quartz, Nickel and Ti BMG 
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in quartz for 200 pA and 2 nA, respectively 



 

 

 

 

 

 

Figure C.10 IonRevSim 

column, b, d) for a double-

 

 

 

 

 

IonRevSim simulation (left column, a, c) and exposure results 

-wound spiral in nickel for 200 pA and 2 nA, respectively
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) and exposure results (right 

in nickel for 200 pA and 2 nA, respectively 



 

 

 

 

 

 

Figure C.11 IonRevSim 

column, b, d) for a double-

 

 

 

 

IonRevSim simulation (left column, a, c) and exposure results (righ

-wound spiral in Ti BMG for 200 pA and 2 nA, r
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) and exposure results (right 

in Ti BMG for 200 pA and 2 nA, respectively 
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