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SUMMARY

Process chains are regarded as viable manufactplatigprms for the production of Micro
and Nano Technology (MNT) enabled products. In ipaldr, by combining several
manufacturing technologies, each utilised in it§rmgl process window, they could benefit
from the unique advantages of high-profile resedezhnologies such as the focused ion

beam (FIB) machining.

The present work concerns the development of psockains and the investigation of pilot
cost-effective implementations of the FIB technglomp manufacturing platforms for
fabrication of serial replication masters. Thus,after 2 contains the background for this
research providing overview and critical discussioh the different manufacturing

technologies and the specific features and advastafjthe FIB technology.

Chapter 3 presents a novel process chain for it of replication masters for serial
manufacture. The proposed process chain is vatld&te serial fabrication of organic
electronic devices on flexible substrates. The athges and limitations of the component
technologies in the proposed manufacturing routedaacussed and their interdependencies in
a process chain for producing both nano- and metroctures are analysed. In particular, the
successful implementation of the FIB technology ihigh-throughput manufacturing routes

is investigated.

Chapter 4 develops further the process chain pempiwsChapter 3 and justifies the utilisation
of FIB milling in a cost effective route for seridébrication of 3D structures and the

achievement of function and length scale integra{iBLSI) in products. A complex 3D



functional pattern is designed and then used tmlat@ this route for serial manufacture of
component that integrates micro and nano scalditnat features. The produced replication
tool is utilised for the hot embossing of structumngcorporating different 2.5D and 3D length-

scale features.

To improve the 3D layer-based FIB milling process inecessary to address the obtainable
accuracy in “z” direction. For this reason, in Cleab a methodology for depth estimation in
FIB machining is developed and validated. The laysckness variations are investigated
with regard to exposure parameters in layer-basil rilling of 3D features. The
methodology is verified by FIB machining of functed 3D features, which depths/heights

fall within predetermined tolerance intervals. Tv®posed generic methodology represents

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

Chapter 6 investigates the behaviour of severalrpinous materials suitable for fabricating
serial replication masters by FIB milling. The mdocus is on depth estimation in FIB
machining as a major factor affecting the processuiacy. The objective was to derive
material related constants for estimating the olatale depth and total machining time
relative to Si for a given material. The layer Kness methodology developed in Chapter 5 is
applied as a basis for deriving these constants. résults are discussed in regard to the
materials’ response to ion sputtering. The constarg verified by simulating the FIB milling
of complex 3D structures in the investigated matsriand then comparing the resulting

profiles to those obtained experimentally after Ridling.

Finally, in Chapter 7 the main findings of thiseasch 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 melphones, data storage devices,
holograms for data protection, micro fluidic mixeos medical implant stencils
nowadays is based on the development and serialfaaring of Micro and Nano
Technology (MNT) enabled products. Such products indispensable part of our
everyday life — from electronic devices and commation technologies to medicine
and airspace. The high-throughput mass productfomast of the non-electronic
micro-components is achieved by the use of segaiaation technologies like micro
injection moulding, hot embossing, imprinting arfteit different variations. The
continuous market demand for improved productsgnmating more and more
functions into a unit product of constantly decinegssize and weight had raised the
requirements towards MNT in terms of process cdialsi production time and cost.
Thus, innovative manufacturing solutions to meetdbnstant demand for better and

more sophisticated products are the focus of imgastd research community efforts.

Lately the notion of combining several manufactgrtechnologies, each utilised in
its optimal process window, is increasingly attiregtthe attention of industry and
researchers. The implementation of such procesm<h& especially viable in the

field of master making where along with the strietjuirements in terms of surface



structuring, surface roughness, aspect ratio t&fol, qualities like robustness, wear

resistance and long life time also have to be gueeal.

However, due to issues posed by compatibility aochgdementarity of integrated
processes, error factors at every stage of theseegs chains and the diversity of
fabrication technologies available the developnamt cost-effective implementation
of such process chains is not a straightforwardl. tespecially, further research is
required with the aim to increase the throughput mbustness of existing and new

emerging manufacturing routes.

Meanwhile, the design and implementation of novektpss chains as manufacturing
platforms for mass production could benefit frora tachnology advances which are
already utilised in laboratories and are also ditarsed in pilot research
applications. Such technologies offer unique achged but their implementation in
‘single-process’ fabrication solutions (Dimev al, 2006) is limited due to their low
throughput or high processing times. One such oy is the focused ion beam
(FIB). It is regarded as not viable for serial protion when utilised on its own due to
shortcomings like high machining times, small watkiareas and high production
cost. At the same time, advantages like preciseeqatg with resolution down to
tens of nm, capability to machine virtually any erél, process flexibility and ability
to structure complex 3D features in both micron aub-micron and nano
dimensional ranges, and ultimately offering captadd for length-scale integration,
could make FIB machining an indispensable part ahafiacturing routes aiming at
achieving function and length scale integration§HLinto a single component and

products.



This research is dedicated to the development df smanufacturing routes and in
particular to the investigation of pilot cost-effiee implementations of the FIB

technology in process chains for fabrication ofadeeplication masters.

1.2 Research Objectives

The overall aim of this research was to investigh&ecost-effective implementation
of the FIB technology in serial production as a poment technology in process
chains for manufacturing of replication mastersnc8i both process chain
development and FIB milling are broad research @extlopment areas with many
open research issues and different developmerddyehis work is focused only on
some of these important research topics. Especedimne open issues related to the
use of the FIB technology for 3D micro and nanactiring are addressed in this
research with the objective to create the necegsaryequisites for its successful and
cost-effective integration into master-making psgehains. Thus, the following
main research topics are the focus of this work:
» development and validation of cost-effective pracelsains for fabrication of
replication tool incorporating the FIB milling asamponent technology;
» cost-effective production of complex 3D featuresdifferent length scale
dimensions onto a single component;
* accurate depth estimation in layer-based FIB ngjlin
* the machining response of different master-makiragenmls during layer-

based FIB milling.



After identifying the factors affecting the FIB nimlg process and its effective
integration with other complementary micro and nastaucturing technologies,
empirical and analytical methods and tools wereliegypfor the validation of the
concepts and manufacturing solutions developedhisiresearch. Further to this, a
process simulation was performed employing softwamds based on specific ion
sputtering models, to verify and support the figdirand results related to the FIB
milling research. In addition, process monitoringd acontrol as well as alignment
techniques were utilised to guarantee the proctdslis/ and positional accuracy
during both the consecutive application of difféaresomponent technologies in
process chains and the structuring of differengtlerscale features on the same area
of a workpiece. Thus, to achieve the overall airhghts research the following
objectives were set:

* To develop a cost-effective multiple-process mactufang platform for
production of masters for serial replication comitag micron and sub-micron
features which implements the FIB machining as mpnent technology.
Also, to assess the error factors at each stagaabf chains and their possible
impact on the overall effectiveness and to validdte chains for serial
replication, e.g. for roll to roll (R2R) hot emboss.

» To validate multiple-process manufacturing platfeyrwhere the advantages
of FIB machining for structuring precisely compl8® features of micron,
submicron and nano- dimensions are utilised fodpecng replication masters
incorporating different length scale features. Alsm analyse the resulting
structures throughout the different stages of thecgss chains to the final

product and perform an uncertainty analysis.



» To develop a methodology for depth prediction dyrilayer-based FIB
milling, as a mean for a depth control, and vaédatfor the production of
complex 3D structures. Special attention shoul@did to the factors affecting
the process uncertainty and the selection and gatron of the sets of
process parameters used.

* To investigate the response to FIB machining ofed#éint materials suitable
for producing replication tools, especially amorpb@nd single crystal ones,
and determine the milling rate achievable on therhus, to estimate
accurately the obtainable depth and total machinimg when producing

micro and nano structures on such materials.

To achieve the objectives of this research anallytitvestigation of the FIB milling
technology is carried out employing empirical sasdas well as process simulation.
Results from each experimental run are analysedtlaeffects of the investigated
factors on the process performance and/or the bweffactiveness of the applied
sequence of processes are discussed and assasgseernrore, recommendations are
made on how to optimise process performance thdsessing the research concerns

outlined in this section.

1.3 Thesis Organisation
The thesis consists of seven chapters. The maiesimgations of the research are
presented in Chapters 3 to 6, while Chapters 2 7arule a literature review and

summary of the made contributions to knowledgeeetvely.



Chapter 2 provides the background for the reseeached out in this thesis. This
chapter consists of three main sections. In tte §ection, the concept and the need
for process chains are presented and criticall{yaad. Also, the implementation of a
wide variety of manufacturing processes as compameehnologies in process chains
is described and discussed. The second sectionidpsova review of the FIB
technology outlining the specific advantages th& process offers when utilised in
its optimal process window. In the third sectior tboncepts investigated in this

research are summarised and its specific focusssribed.

In Chapter 3 the design and validation of a novakt@r-making process chain for
serial replication of large area electronic devioesflexible substrates is presented.
The chapter starts with description of the maincemh of the proposed process chain
and detailed analysis of the process chain degigeifec features and component
technologies. Then, the experimental set-up foliza#on of the proposed process
chain, including the design of the test device gmdcess conditions for each
technology, as well as measuring and inspectioth@fproduced structures at each
stage of the process chain is described. Findlg/pbtained results after each stage of
this process chain and the end product are ciifiealalysed and assessed to validate
the proposed manufacturing route. In addition, jpds<rror factors that could affect
each of the component technologies as well as mldepeoduct are discussed and
conclusions are made about their influence on theradl performance of the

proposed process chain.

In Chapter 4 develops further the concept proposedhapter 3 for fabrication of

replication masters with a special focus on achgwaD function and length scale



integration in a single component. The advantabasthe FIB technology offers in
regard to high-resolution 3D structuring are diseas as an integral part of the
proposed master making process chains. Also, aad@étention is paid to the pattern
preparation approaches. Then, the multiplicatiom @fiven pattern over large areas
and the successful transfer of the complex 3D g&weseonto replication tools are
investigated. Finally, the resulting 3D profiles different stages of the considered
process chain are studied and the factors affedtsgoverall performance are

analysed.

Chapter 5 addresses the FIB machining issues egfirds to achievable depth and its
estimation. In particular, a methodology for dems$timation in layer-based FIB

milling is developed and validated empirically fexposures with particular sets of
process parameters for a given material. Experisnaré designed and performed
with the selected sets of parameters to accourstefeeral process factors affecting the
FIB milling technology. Then, the obtained results critically analysed to assess the
process uncertainty and define tolerance interf@sany calculated layer depths.

Finally, the methodology is validated by FIB mach@gof complex 3D features.

Chapter 6 investigates the behaviour of severalrphoms materials suitable for
fabricating serial replication masters by FIB migli The main focus is on depth
estimation in FIB machining as a major factor difeg the process accuracy.
Material specific constants are derived for estintgathe milling rates, and thus the
obtainable depth and total machining time relatoé&i for the considered materials.
A layer thickness methodology is applied as a bfasisleriving these constants. The

results are discussed in regard to the materigksciBc responses to ion sputtering.



The empirical constants are verified by simulatift3 milling of complex 3D
structures in the investigated materials and tr@mparing the resulting profiles to

those obtained experimentally after FIB milling.

In Chapter 7 the generic conclusions of this wogksummarised. Based on them the
main contributions to knowledge are presented amuespossible directions for

further investigations are discussed.



CHAPTER 2

LITERATURE REVIEW

In this chapter a review of the capabilities andgtile implementations of the FIB

technology into cost-effective master-making prsceisains is presented. It consists
of three main sections covering the state-of-theshithe main topics addressed by
this research and also discusses the open ressauds associated with them. In the
first section the implementation of process chdmsthe fabrication of products

integrating micro and nano-scale features is dssulis Then, the second section
provides a review the FIB technology and a disamssn the advantages that it offers
with regard to its integration in process chainsdohieving length-scale integration
in products. Next, a summary of the open reseasshes and the put forward

concepts to address them in this research areregese

2.1 Process chains in micro- and nano- manufacturgn

2.1.1 Concept of process chains

In the last decade, manufacturing industry hasegged a rapid increase in demand
for micro-products and micro-components in manyusidal sectors including the
electronics, optics, medical, biotechnology andomdtive sectors (Altinget al.,
2003; Hansert al, 2006). Examples of applications include mediogblants, drug
delivery systems, diagnostic devices, connectonstclses, micro-reactors, micro-
engines, micro-pumps and printing heads. These osystem-based products

represent key value-adding elements for many compaand, thus, an important



contributor to a sustainable economy (Dinedval, 2006). As a result of the current
trend towards product miniaturisation, there iseandnd for advances in micro- and
nano-manufacturing technologies and their integratin new manufacturing
platforms. In this research, the definitions forcroi and nano-manufacturing are
adopted from Madou (Madou, 2002). More specifigafhycro-manufacturing refers
to the fabrication of products or components whéee dimensions of at least one
feature are in the micrometre range. Similarly, aranufacturing refers to the
production of devices where some of the dimens@asin the nanometre range.
Usually a combination of technologies, in the fasfra process chain, is necessary to
achieve a high throughput and cost-effective prodocof micro-components and
devices incorporating micro/nano features and sagfaAs a result, there is a trend to
move from designing miniaturised products for sfieecnaterials and technologies to
designing processes and process chains to sdiesfypecific functional and technical
requirements of emerging multi-material productsiurn, to develop new enabling
process chains and new manufacturing platformsdoagsethem, it is necessary to
characterise the “component” technologies and pagial attention to their interfaces
and thus to achieve the necessary compatibilitycanaplementarity between them.
The integration of micro- and nano- technologiemm@éw manufacturing platforms
also referred to as process chain development,llydasagets two very significant
objectives (Brousseaat al, 2009):

1. to enable both function integration (incorporatmindifferent functions) and
length- scale integration (combination of macro4cnoy, sub-micron and
nano- dimensions) in existing and new products, and

2. to provide for the cost-effective manufacture aflsproducts in a wide range

of materials.
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The importance of meeting these two requirementissisussed in further detail in the

following sub-sections.

2.1.2 Function and Length Scale Integration

In recent years the trend towards product minigation, together with the
advantages that the integration of multiple funtdionto a single component could
bring, “fuelled” the interest in developing manufaing solutions for producing
features/structures with dimensions ranging frorlimmétre to nanometre scales onto
a single product (Velkovat al, 2011). In this study it is referred to as a tréowards
and/or respective manufacturing routes for achgevifunction and Length Scale

Integration (FLSI) in products.

FLSI is a product development approach that offex@ny advantages such as
reduction of production cost and time, as well axlpcts’ overall dimensions (Bigot
et al, 2009). The methods for achieving FLSI can besifeed into three main types:
assembly, single process machining/structuring @mdti-process fabrication of a
single component. However, the successful impleatemt of FLSI arises very

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

Assembly related issues

Assembly is a key stage in the fabrication of adpid, which may require the use of
various processes to integrate parts manufactwearately due to different technical
reasons, e.g. complexity, capabilities and/or ingatibility of the available
manufacturing processes (Hansenal, 2005). The cost and reliability of bonding

techniques used when dealing with micro componedswell as the dimensional
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accuracy of the parts to be assembled are of platiconcern. The assembly related
issues can further be subdivided into issues kliat€1l) macro-meso scale assembly

and (2) micro-nano scale assembly.

* macro-meso scale assembly

Macro-meso scale assembly is a common problem &oryrfmicro-products”, which
are often made of macro-meso components contamiagp-nano functional features.
Thus, the assembly itself might not occur at micamo scale but at the macro-meso
scale. Standard macro assembly methods such asameahfastening, welding and
gluing can generally be employed for macro-mestesesks. Their implementation
even for single-scale dimensions’ products posgsfgiant issues related to handling
and transportation of components during assembiikggonet al.,2006). In addition,
the presence of micro-nano features increases omeplexity of the assembly
operations that have to be designed carefully midadamage or contamination of
such intricate structures. Furthermore, the chadtematerials for micro-nano
structuring is often limited which can lead to inguatibilities between the materials
to be bonded. In addition, tighter tolerances mayrdéquired in order to perform
reliably macro-meso scale assembly operations deraio ensure a proper function

interaction between structures with different léngtale features.

* micro-nano scale assembly

In the case of products having dimensions too stodle manipulated with standard
handling systems, new issues arise. In additiothéissue of high precision and
positional accuracy requirements for the handligsteams, there are different forces

acting on components due to scale effects, e.gtreatic, Van der Waals and
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surface tension forces that become dominant owearitgtional forces (Danchev and
Kostadinov, 2006). Those phenomena have to be tmiteraccount when applying
micro-nano assembly technologies such as bondimgrelare many bonding methods

such as welding, adhesive, diffusion or solderifgughiyaet al, 1999).

Some micro components can be picked and placed attaniy highly skilled
operators using high power microscopes and miceehers (Van Brussedt al,
2000). With the introduction of virtual reality temiques to aid in preparing and
visualising the assembly solutions prior to phylstmaception, manual operations can
be considerably improved. However, one intrinsiavdvack of manual operations is
the loss of direct hand-eye coordination. Manuaesasbly remains difficult, time

consuming and therefore very expensive (Getcdl, 2007).

Automatic assembly and handling of micro componeats required in high
throughput production systems but there are ndoksi@d generic approaches. To
find solutions for specific products, designers cauty rely on latest surveys of the
micro assembly techniques available and adapt tbhethe problems at hand (Ceetl

al., 2007).

Finally, one of the latest types of micro-assentblshnology is called self-assembly.
It can be defined as a process by which two or nseparate and relatively simple
components are oriented to one another to form ractibnal entity, without
interference or external handling (Srinivasdral, 2002). Self-assembly technologies
have the potential to automate the handling anckgnation of sub-micron

components.
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Multi-scale machining related issues

For various economical and technical reasons adgestdps should generally be

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

as possible in the production lines, thus simplifyany assembly steps if not possible
to eliminate them at all. In the attempts to avadsembly operations, the

implementation of a chain of multiple processeskivay on a single component is

becoming a preferred option. However, there araralber of issues to this approach
as well, related to the use of (1) a single martufatg process or (2) a sequence of

processes, to produce the functional featuresef@sttively (Bigotet al.,2009).

* single process length scale issues

In an attempt to minimise the number of processesl in a chain and therefore the
overall production time and cost, a single ster@ss can be applied to achieve the
necessary FLSI. Such a solution, however, requsimificant research and
development (R&D) efforts to implement in scale-o@nufacture. “Design for
manufacture” approaches in designing the prodamsusually needed to account for
the specific manufacturing constraints of the gelkdigh-throughput technologies.
Also, due to the difference in sizes, various fezdumight require different levels of
process control in order to achieve a correct dufplus, optimising part design and
process parameters becomes increasingly challenigiragldition, the machine setup
must allow for an accurate positioning of the waeke in order to achieve the

necessary repeatability when producing batchesmiponents.

* multiple process length scale issues
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It is often the case that a single process is nfficeent to machine a range of
functional features with different dimensions ingeen material. Therefore, it is
necessary to apply consecutively two or more comepldgary manufacturing
technologies in a chain to achieve the necessa8i.Ry opting for process chains,
integration issues arise in achieving the necesdanensional accuracy between
functional features produced using multiple machsetups due to handling,
alignment and referencing errors. The most commorblem when employing
several manufacturing technologies in sequencelaed to alignment difficulties
(Bigot et al, 2009). Alignment marks have to be considereccaly stages of
component design and the use of very accuraterviaimd measuring equipment
would often be necessary to produce micro- and ndeatures on a single

component.

The concept of process chains is that, when chafingocesses are employed the
objective is to use each technology integratedhemt in its most cost-effective
processing window. Another type of integration esitat may arise is associated with
the compatibility of the subsequent processesvitlves mainly the aspects related to
material properties and resulting surface integftgr machining employing different
physical phenomena. Therefore, a process chaithéomanufacturing of multi-scale
features should be carefully designed and optimisextder to take into account the
constraints of each manufacturing technology aedrifiuence that they can have on

previously machined features or subsequent pros@ssechain.

Although a broad range of technologies can be setliin micro and nano

manufacturing they are viable only in their codeetive processing window in regard
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to features’ sizes and/or throughput. Thereforeadbieve FLSI in products it is
necessary to look for or develop process chains ¢bebine the capabilities of
complementary technologies (Biget al, 2009; Brousseaet al, 2009; Allenet al,
2008). Such multi-process fabrication paradigm dosingle component relies on
novel integrations of manufacturing technologiekioh operate in their cost-effective
processing windows, to design and implement viallanufacturing platforms
(Velkovaet al, 2010; Scholzt al, 2009). The aim of such technology integration is
to multiply innovatively the capabilities of compamt technologies, taking into
account and minimising the constraints of each rfaaturing process and the
influence it can have on previously machined fesgurr subsequent process in the
chain. In this way the advantages of compatible arithe same time complementary
technologies are utilised at their best while redgithe impact of their shortcomings

on the overall product realisation.

The masters/inserts for serial replication of micemd FLSI components are a
product of a great market importance (Bredateal, 2007; Piotteet al, 2008; Kolew

et al., 2010). Thus research and development efforts @neentrated on both their
improvement and, at the same time, on reductioth@f production time and cost.
Therefore, the maturity of process chains applied their fabrication and the
diversity of manufacturing technologies utilise@ ar significant factor in achieving

these objectives.

2.1.3 Technologies utilised for the fabrication ofeplication tools incorporating
different function and length-scale (FLSI) features

The most important requirement for achieving a higioughput production of FLSI
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components is the design of viable manufacturiregf@ms for their cost-effective
fabrication. A number of technologies have beelisetl for mass production of non-
electronic micro-components. CD and DVD data steragvices, various micro
fluidic devices, sensors, optical switches, micemskes and holograms for data
protection imprinted on credit cards and bills {®imenet al, 2006; Leech and Lee,
2006) are among the most well known products thebrporate micro- and nano-
scale functional structures and at the same tiragoayduced in large series. In spite
of the diversity of these application areas, thestmwiable micro fabrication
technologies for their high-throughput manufactare different implementations of
micro injection molding and roll-to-roll (R2R) presses. A key requirement for
successful application of these technologies isatfalability of precision production
master having a long lifetime that can deliver ey\regh yield (Velkoveet al, 2010).
Depending on the size and the features of the ifumadt structures to be replicated the
masters are usually produced by employing procdssing that combine the
capabilities of the following technologies:

- Mechanical micromachining

- Laser structuring;

- Micro Electro Discharge MachiningleDM);

- LIGA (lithography, electroplating, and moulding);

- LIGA-based technologies.

The capabilities of these component technologiedfatorication of moulds are
analysed by many researchers and their advantaggsdigadvantages are well
understood (Heckele and Schomburg, 2004). The ktsecturing, the conventional

mechanical micromachining technologies auEDM are suitable for machining
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features with a resolution down to few microns wehatively good aspect ratios and
surface quality (Giboet al, 2007). However, they are not applicable for ifzddng

structures that incorporate sub-micron and naregufes.

Conversely, LIGA (Hormeet al, 2003) and LIGA-based technologies, e.g. X-ray,
Extreme UV (EUV), lon Beam (IB) and Electron BeaEB] LIGA, are a flexible
way for producing structures incorporating micraew &ub-micron features with high
aspect ratios, good surface roughness and sub+miiclerances (Altingt al, 2003).
Most commonly used are the UV and X-ray LIGA whithke more recent
implementations of this technology, EUV-LIGA, EBGA and IB-LIGA, are
considered more efficient but still more complex @axpensive (Giboet al, 2007).
In terms of master-making, a major advantage okeheechnologies are their
capabilities to produce structures with well definend smooth sidewalls, an
important factor in achieving a reliable replicatiMalek and Saile, 2004). At the
same time, a major disadvantage of the LIGA procggbkat it cannot be used for

producing masters in conventional tooling materiiks steel.

Currently, the process of nickel electroformingvy@® to be a viable and widely used
method for producing replication tools (Leeehal, 2004) due to the fact that it
provides for a good hardness and wear resistareepriocess also allows features of
more complex shapes and various sizes to be reglickloreover, a very wide range
of technologies can be used to fabricate electnofty masters with desired
structures, e.g. laser ablation, LEDM, photolitlapdry, EB lithography and focussed
ion beam (FIB) machining. However, the use of aastipular technology is viable

only within a given optimal processing window irgaed to achievable resolution,
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surface quality and removal/structuring rates. Ascussed in the previous section,
usually a sequence of processes applied for machiaf complex topographies,
which incorporate different FLSI features, is thesicost-effective mean for the
manufacturing of a final product. While the increasd the process steps leads to an
increase in the overall uncertainty and total eragsociated with any selected
manufacturing route, a well-designed process chbam have a significant positive
impact on accuracy and cost-effectiveness of th@levimaster-making process
(Dimov et al, 2006). Therefore, the process chain design dghbelpaid a special
attention in order to achieve the targeted compiits of component technologies,
and at the same time to minimise the effects abwuarfactors that can influence their
overall performance. It is still a challenging tagk combine technologies with
different cost-effective processing windows, andstlto design viable tool-making
process chains for producing components with battranand nano-features and/or

realising complex 3D shapes.

Some attempts have been made to develop such prdtaiss (Leech and Lee, 2007,
Bissaccoet al, 2005) however further research is necessaryldoeas the complex
issues that arise in achieving a function and leisgile integration and 3D patterning

simultaneously in a given process chain.

2.1.4 Review of micro- and nano- manufacturing teaiologies

To make feasible proper selection of manufactupragesses and order them in cost-
effective master-making process chain, a thorougivkedge of their capabilities and
limitations is necessary. Therefore this sectiegsents a brief review of some of the

main micro- and nano- manufacturing technologiesnsilered as viable for
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implementation in master-making manufacturing re(i2imovet al, 2006).

A broad range of technologies exists for micro- avaho-manufacturing, and the
physical principles implemented in them are veryedie. Several researchers have
proposed classification schemes to categorise thesknologies. For example,
Masuzawa (Masuzawa, 2000) focussed on micromachimiaocesses and classified
them according to the implemented machining phemame\ccording to other
researchers (Madou, 2002) the micro-fabricatiorregpes can be categorised as
traditional or non-traditional methods and lithggmec and non-lithographic methods.
An alternative classification, suggested by Dimbale(Dimovet al, 2006) classifies
the micro-manufacturing technologies according Heirt process ‘dimension’ and
material relevance — Figure 2.1. In this classifag the first group of technologies
performs material removal and deposition employifitD processing”, e.g.
structuring by a milling cutter or a laser beam.eThecond group includes
technologies that utilise multiple 1D processingg.e3D printing. Next, the
technologies falling in the group of “2D processpstform structuring by employing
masks, e.g. photolithography. Finally, “3D procegsican be carried out using
technologies for surface modification and depositice.g. PVD, CVD and
electroplating or technologies for volume struestgrsuch as injection moulding and
embossing. Studying this classification, it can dmcluded that generally, the
manufacturing flexibility of the technologies ineses from right to left, e.g. less time
and effort are required to setup the process, whéeproduction throughput and the

process complexity increases from left to right.
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3D Processing
1D Processing Multiple 1D 2D Processing | 3D Processing | (Volume)
Dimension Y Processing (Surface) (
capabilities X y , ((D 0
A W |
X
Metals |- gﬁm;nzc'v" MF, Grinding| Lap, Pol, MF LapI’EEf’:éIDECP EDM, MF
EBL, IBL, LL, HUE, NIL, NI,
Polymers 3DL 3DP PUL, XL R2RE. IM
Ceramics| 3DL, Grinding 3DP IBL, LL, Lap, Pol NIL, NI, R2RE
EBM, FIB, LA,
Any PM, AWJ, Etch, PMLP,| PVD, CVD, |Casting, MCIM,
material |Drilling, Milling, SP SC, SA PIM (1)
Turning, SLS
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 mdinlg
CVvD 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 injectimoulding
ECM Electrochemical machining | PUL Photo / UV lithography
EDM Electrical discharge machini| PM Plasma machining
EF Electroforming PMLP| Projection mask-less nanigpaing
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 lon 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 procdssension and material

relevance — adapted from (Dimeval, 2006).
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Perhaps the most widespread classification isah&8rinksmeier et al. (Brinksmeier
et al., 2001) which is shown in Figure22.In particular, the authors considered two
generic technology groups: Micro System Technowgi@ST) and Micro
Engineering Technologies (MET). MST encompasses finecesses for the
manufacture of MEMS and micro-opto-electromechdrsgatems (MOEMS), while
MET cover the processes for the production of higlgrecise mechanical

components, moulds and microstructured surfaces.

2.1.4.1 MEMS processes

The manufacturing processes associated with the B/IEBMDEMS and
microelectronics fields are based on 2D or plammhnologies. This implies the
fabrication of components or products on or iniatly flat wafers (Altinget al,
2003). Most MEMS technologies use silicon as tHessate material and a sequence
of complex chemical processes (Jetcal, 2007; De Grave and Brissaud, 2005). The
wafer fabrication processes can be divided intobsigic steps: cleaning/oxidation,
photolithography, etching, implantation, diffusioand metrology. The operations
may vary widely depending on product configuratiamsthe technology in use

(Arishaet al, 2004).

Photolithography is the main technique used tongetine shape of the micromachined
structures. It involves the processing of wafersider to build up the layers and
patterns of metal and wafer material to producerégpired circuitry.During the

photolithography process the pattern is transfefrech a mask onto photosensitive

polymer and finally replicated into the underlyilager. The object of this multi-step
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Micro Systems Technologies (MST)

Micro Engineering Technologies (MET)

MEMS, MOEMS Mechanical and optical components, Mould
inserts, Micro structured surfaces
MEMS Processes Energy Assisted Processes Mechanical Processes

» UV-lithography = Laser Ablation
= Silicon micro machining [ « Micro EDM

= Focused lon Beam

* Micro Milling

* Micro Turning

4

Replication Techniques !

» |njection Moulding
» Hot Embossing

= NIL

Handling, assembly, quality control etc.

T‘_‘_‘_‘—‘—\—._

Figure 2.2 Process technologies for micro-manufaaju- adapted from

(Brinksmeieret al,, 2001).
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process is the accurate and precise definition tiireae-dimensional pattern on a

semiconductor substrate (Arisbgal, 2004).

The subsequent chemical or physical processes eamided into two main
categories: thin film deposition (creating functaitayers on the silicon substrate) or
additive processes and etching processes (remavatgrial). The specific sequence

of processes is not given on beforehand, but naugiefined by the designer.

The thin film deposition processes can be dividetb iseveral main categories:
Chemical Vapour Deposition (CVD), Physical Vapourepdsition (PVD),

Electrochemical Deposition and Spin-on depositibhe first three are subdivided
into: CVD — atmospheric pressure CVD, Low presstivd, Plasma enhanced CVD
and Vapour phase epitaxy CVD; PVD — Vacuum evapmratmolecular beam
epitaxy and sputtering and for Electrochemical B#pan — electroless plating and

electroplating (Alting et al., 2003).

The material removal, or etching, can be wet etghvhere the wafer is immersed in
a bath of etchant, which must be agitated to aehigood process control or dry
etching which makes use of plasma or vapour uncesspre. Wet etching processes
are subdivided into isotropic and anisotropic (Engrystal) etching, while dry

etching could be vapour etching, plasma etchingraadtive ion etching.

The various lithography and LIGA processes wereuwdised in detail in section 2.3.1

of this literature review chapter.
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Lithography-based technologies for micro-electronaedcal systems (MEMS) are
capable to produce micro- and submicrometre-sizatufes. However, these
techniques are capital intensive and inevitablyuimeq cleanroom environment
(Rajurkaret al, 2006), and have limitations concerning the rapigmaterials that can
be processed and the complexity of the geometry tdam produce. Thus, MEMS
techniques cannot meet the demand for miniatunweducts and components that
require 3D and high aspect ratio features, resstan aggressive environments and

enhanced-force micro-actuation.

2.1.4.2 Mechanical processes

This category includes technologies like micro-mgdl micro-turning, micro-drilling,
ultraprecision micro-milling, micro-grinding and ono-abrasive machining. All of
them can be characterised as direct tool-workpieoatact material removal
processes. In general, mechanical processes foomachining have higher material
removal rates and are capable of generating 2C8Bnihicro features on wide range
of materials (Liuet al, 2004; Dornfeldet al, 2006). Their limitations include their
inability to machine hard materials and lack of mpsoduction capabilities (Rajurkar
et al, 2006). Among those technologies, micro-millisgperhaps the most widely

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

Micro-milling

Micro-milling is characterised by relatively higamoval rates and employs tools that
can have a diameter down to 10 um (Féizal, 2008). The main application areas of
micro-milling include the manufacture of micro-gafor watches, keyhole surgery,

housings for microengines, tooling inserts for micjection moulding and hot
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embossing, and housings and packaging solutionsifon-optical and micro-fluidics
devices. It has emerged as an effective techniquentichining high aspect and/or
complex 3D micro-features due to its flexibilitypst-effectiveness, accuracy and the
surface finish that can be achieved in a wide rasfgengineering materials such as
aluminium alloys, stainless steel, titanium, brpksstics, ceramics and composites
(Filiz et al, 2007; Phanet al, 2009). However, typical drawbacks of the procass
material deformation related issues such as bumdton and significant deviations
of the dimensions of the machined features reldbvine nominal values, due to tool
deflections. Also, as the features’ size has topgmwith the minimum tool diameter,
the minimum size of concave features is limited® pum. Even though there is no
such constraint for convex structures they haweitiostand the cutting forces without

excessive elastic deformation (Bissaet@l, 2005).

2.1.4.3 Energy assisted processes

Laser milling/ablation

Laser milling involves applying laser energy toheit remove material through
ablation in a layer-by-layer fashion or join compats (Phamet al, 2002). This
technology is suitable for machining of a wide rargf materials including metals,
ceramics, glass, polymers and semiconductors. gaiicularly appropriate for hard
materials that are difficult to machine by convensl meansubey and Yadava,
2008. This important process characteristic is dudghi fact that extremely high
power can be released within a very short timervaie pulse duration, onto a spot of

a few micrometres in diameter (Meijetral, 2002).
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Two main ablation regimes according to the laseisguength used have been
distinguished (Petkoegt al, 2008): ultrashort pulses: femtosecond (fs) andgecond
(ps), and longer pulses: nanosecond (ns) and neicoosl (ms). Major advantage of
the ultrashort pulse laser ablation is the nedkgibermal effect into the substrate and
almost no heat-affected zone (HAZ). Due to its ratthe ultrashort pulse laser
ablation provides for small feature size, smoothishing surface and flexible
structuring (Zhenget al, 2006). Conversely, in long pulse laser millimgdesirable
effects such as HAZ, recast layers, micro-crackecls wave surface damage and

debris from ejected materials are observed.

Two different approaches to pulsed laser ablatidlvim can be applied: direct
writing and mask projection (Gower and Rizvi, 200yen though direct writing is a
relatively simple technique, the limitations to dwmplexity of the produced features’
geometry and the small area covered are a signifii@wback. The mask projection
method on the other hand can produce many typesrawdtures and is suitable for
batch production. However, the necessity of a nmaskes this approach relatively

expensive (Altinget al, 2003).

Micro Electrical Discharge Machining 4EDM)

Micro electrical discharge machining is a thermebgess for contactless material
removal of electrically conductive materials (Bissaet al., 2007). CurrenhEDM
configurations include (Rajurkaet al., 2006): uEDM milling, pnEDM sinking
(Kuniedaet al., 2005),uEDM drilling, tEDM grinding (Ree%t al, 2007) and micro-
wire EDM (Reeset al, 2008). Those diverse process developments lea/éolthe

current wide use ofuEDM for the manufacture of micro-structures and tools
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employed in mass production of micro- componenth s inserts for microinjection
moulding and hot embossing. In addition, the alnmasjligible machining forces, no
burr formation and good repeatability of the preceave madgEDM the best means
for producing micro-features with high aspect mt{@hamet al, 2004). However,
there are some specific drawbacks of this techiylsgch as tool/electrode wear,
positioning errors, inspection issues and low remhoates (Kuniedaet al, 2005;

Hanseret al, 2007) that limit its application.

Focussed lon Beam

FIB patterning is a technology that is used fordoiwng not only complex 3D
microstructures but also nano-sized features. RiBperform milling operations, and
in the presence of a precursor gas, it can alsenygloyed for ion beam-induced
deposition (Shinji and Yukinori, 1996) or gas-atsisetching (Fet al, 2005).This
technology enables direct patterning of almost m@gerial with high accuracy and
resolution. In particular, it is possible to aclaestructures with lateral dimensions

less than 50 nm (Alleat al.,2009).

Many of the advantages, characteristic for the Eéhnology, such as flexibility,
high resolution and high surface quality, are erely important for master making
(Scholz et al, 2009; Younet al, 2006). However, a major disadvantage of this
technology is its relatively low removal rates, ahimakes it expensive and non-
feasible to utilise as a stand-alone manufactumegn. However, to address this issue
a multi-ion beam concept was proposed that comhleesigh resolution capabilities
of the FIB technology with the higher throughpuvatage of parallel lithography

systems. In particular, to satisfy the requiremdatshigh productivity, a projection
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maskless nano-patterning (PMLP) system is undeeldpinent (Platzgummest al,
2008). Furthermore, Dimov et al. (Dimogt al, 2006) concluded that some
component technologies in process chains are raltlevion their own but by
integrating them with other complementary technigegan lead to the development
of novel process chains. Example of such processhés focussed ion beam
structuring. Considering the many advantages #urtology has to offer, a major
objective of this research is to explore and jystd cost-effective implementation in
process chains. More specifically, the main areantdrest is the manufacturing
platforms for fabrication of tools for serial regdtion, incorporating different length-
scale features. Therefore, the capabilities of telBhnology 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 scaferps. This is achieved by
pressing a template on a monomer or polymer impesist and subsequently curing
the resist by heat or UV lighAlthough thermal NIL is widely employed for micro-
and nano- replication of thermosetting polymerss idifficult if not impossible to
replicate micro- and nano- features in one proogssiep due to issues related to
differences in polymer flow in micro and nano pats big thermal shrinkage and
variations of residual layer thickness (Laktval, 2009). UV-NIL and especially the
Step and Flash Imprint Lithography (S-FIL) processconsidered to be a better
option for the simultaneous imprinting of nano amitro patterns as they offer
several major advantages (Resatkal, 2005) such as: uniform patterning of large

surface areas, due to low imprinting forces and lasist viscosity, absence of
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thermal expansion, uniform thickness of the redithyger, capability to imprint micro
and nano features simultaneously, imprinting of plax 3D topography and the
possibility to use fragile substrates. Therefors tonsidered an enabling technology
for the fabrication of organic nanoelectronics, M&Moptical components and

semiconductor devices (Austat al., 2005; Guo, 2007).

However, it should be noted that the big disadwgatat this technology is the limited
number of resists suitable for the S-FIL procesd #re constraints regarding the

achievable aspect ratio of the imprinted featu@so{ 2007).

Electroforming

Electroforming is a material deposition processth@ manufacture of metal parts. An
electrolytic bath is used to deposit electroplaahktals onto a conductive patterned
surface. In practice, nickel, copper and iron aedufor deposition. Once the metal
has been deposited to the desired thickness, ¢otraformed part is separated from
the master substrate. Depending on the applicatimnthickness of the metal layer
can vary between a few micrometres to severalmeliies (McGeoughkt al, 2001).
Applications of electroforming range from the protian of consumer products to the
fabrication of specialised aerospace componentsG@daghet al, 2001). In recent
years, electroforming has gained importance forpifmeluction of micro- and nano-
scale metallic devices and the creation of pregigigection moulds with micro- and
nano- scale features. This is due to the abilityhef process to replicate complex
shapes accurately and with a good surface finisbweaver, when applying
electroforming for fabricating masters it is im@ont that the following properties are

achieved (Tang, 2008):
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Even distribution of the electro deposited materidiis is important in order
to minimise the follow up machining after platirijso, this is very important
in fabricating high aspect ratio structures, alting evenly deep trenches and
other features with depth to width ratio from 25am@r even higher, without

forming voids inside them.

Reduction of internal stresse$his is necessary in order to minimise the
changes in the electroformed masters when theyrelemased from the

mandrel.

Wear resistanceAs the masters will be used for thermal repliaati@ hard Ni
deposit will extend the life-time of the tool. Hoves, there are trade-offs
because increasing the wear resistance througbased hardness can lead to
brittleness. In particular, this will be the resaftthe thermal cycles during
replication which can trigger the Ni re-crystaltisa and can lead to

transportation of any impurities to the grain boameks.

Corrosion resistance This is even a more important consideration in
electroforming masters with micro and nano strieduwsurfaces. The smallest

corrosion attack could be devastating for suchctires.

Despite the many advantages those two processes, tiffere are a number of
limitations to them as well, the main being proaagsost/time and restricted range
of materials to be used for replication. That isyytather than used in a “fabrication

of a final product” stage, some alternative appioca of those two replication
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technologies in process chains should be consid€ed way to achieve their cost-
effective implementation is to utilise them at earlstages of the designed
manufacturing routes, making them complementargti@r replication technologies

regarded as more appropriate for serial replication

Serial Replication Technologies

The concept of master-making process chains disdussthis study is suitable for a
number of serial replication technologies for saglemicro manufacture including
micro-injection moulding (IM), R2R imprinting and hot embossing (HE) together
with some of their variations such as compressigection moulding and R2R
thermoforming(Heckele and Schomburg, 2004). A common challengaliof them,
especially when micro and nano structures have teeplicated simultaneously, is the
reliable and cost-effective fabrication of stampsireserts. This, together with the
necessary optimisation of the respective replicapoocess, determines the overall
effectiveness of such manufacturing platforifilse advantages and disadvantages of

these high throughput replication processes asusised below.

ulM and HE appear to be the two most industriallgble processes for fabrication of
micro components (Giboet al, 2007). Due to its specific processing conditidn,

embossing is widely used for replicating structlfezgures with dimensions in the
sub-micron range and high aspect ratios. HowetierHE cycles are relatively long,
usually 5 to 10 minutes, and therefore this teabgwlis more suitable for small to
medium series production and prototyping (Heckeleé Schomburg, 2004; Gibat

al., 2007). Conversely, the shorter cycle timauiN determines its effectiveness for

large series production, i.e. of more than 100@sp@iheilade and Hansen, 2007).
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Injection compression moulding can be considered lagbrid process that combines
the capabilities ofilM and HE. Especially, the shrinkage of the polyrdaring the

cooling stage of the process can be minimised dutscompression stage, which
leads to a better replication accuracy. This teldgyw is widely used for mass

production of CDs and DVDs (Heckele and Schomb20§4).

R2R imprinting has attracted researchers and ingwsth its potential for a high
throughput manufacture (Chia-Jenh al, 2008; Makelaet al, 2007; Veltenet al,
2010). The process is capable of replicating mard nano topography at relatively
high speed. Depending on the set-up, thermo anctlw&ble resist materials can be
used. One of the major difficulties associated whils technology is the structuring of
the rollers, particularly at nano scale. A variatiof this technology is R2R
thermoforming. It is used for forming of foils wittomplex cross-sections as it allows

easy demolding but high aspect ratios could hdvdlachieved.

2.1.5 Error factors in implementing process chains

By combining the capabilities of complementary temlbgies for direct micro and
nano structuring, novel approaches for function Emgjth scale integration can be
implemented and successful process chains for tb@uption of masters for serial
replication developedTo implement it effectively in new micro manufachg
platforms the various potential problems or er@rgach stage of the process chain
should be identified and carefully analysed in ordeminimise their effects on the
overall uncertainty associated with its practic@lisation. This is very important in

order to assess subjectively whether and how thaldaffect its overall performance
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and thus compromise its manufacturing robustneds#itiency in terms of cost and

time.

Generally the possible errors in such integratedgss chains can be attributed to the

following main sources (based on ISO, 1995):

* Process.Those include the specifics of the process or ggees in a given
component technology used in a process chain atwhgrass the influence of
the working parameters and also the material ptigseof the workpiece.
They could affect the total performance of the tedbgy or cause any

deviations from the targeted result/product.

* Equipment. They are associated with the condition and rdltgbof the
equipment integrated in the process chain, botdymtion and measurement
ones, that can affect the system setup at diffese&ges, e.g. calibrations and
system monitoring during and after the process wimt, as well as
measurement uncertainty of any inspection operatiorhese errors are
specific to the equipment selected to implement gimgn process chain and

therefore only generic issues are identified is tkesearch.

* Human factor. This is a highly subjective and rather unavoidauarce of

error based on the experience of the operator atickonumber of operators

involved.
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* Environment. This includes the impact of external, e.g. stotbamctors
such as noise, oscillations and vibrations, tempegachanges, atmospheric

conditions and air purity.

2.2 Advantages and disadvantages of the FIB techogly

To discuss the benefits of the implementation efRIB technology in process chains
and FLSI component fabrication, its principle of ecgtion and the physical

phenomena associated with the process are discunsges section.

2.2.1 FIB process characteristics

Initially developed in the 1970s (Krohn and Rind®75; Seligeret al, 1979) and
undergoing constant improvements ever since, tBaédhnology has been utilised as
a tool for mask repair, device modification, faduanalysis and integrated circuit (IC)
debugging. In principle the focused ion beam caerate in two modes: ion beam
direct write and ion beam projection. The lattdsoaknown as focussed ion beam
lithography (FIBL) utilises a stencil mask and isgarded as an alternative of
conventional optical lithography (Kaesmaier anddhieer, 2000). As it still has some
major limitations that restrict its field of appiton, FIBL could hardly be considered
as cost-effective for FLSI products’ fabricationdais therefore out of the scope of

this research.

The FIB direct write mode, also known as FIB mijlircan broadly be defined as the
process of creating patterns through ‘direct impmgnt of the ion beam on the
substrate’ (Tseng, 2004). The successful implenientaof the FIB milling

technology relies on its capability to operate @ufed ion beam with a suitable beam
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size, shape, current and energy to remove a rebameunt of material from a pre-
defined location in a controllable manner. Howewvdren an energetic ion strikes the
surface of a target material, different ion-targeteractions, including milling,

deposition, implantation, swelling, backscattergagd nuclear reaction, can occur.
Some of those interactions are not completely ségparand could cause unwanted
side effects for particular applications. In orderavoid such undesirable effects the
nature of the ion-target interactions should bel wederstood and accounted for

when implementing a specific FIB process.

The ion — target interaction

The basic principle behind the FIB milling is thiae kinetic energy of the incident
ion and its momentum are transferred to the tatigeiugh elastic and inelastic
interactions (Prenitzeet al, 2003). In the case of inelastic interactiongggbnic
energy loss) part of the ion energy is transfetoethe electrons of the target material
and ionization takes place. In the elastic intéoac(nuclear energy loss) the ion
energy is transferred to the atoms of the targeé ifcident ions interact only with
the atoms at the surface or near the surface lafyéine target causing a collision
cascade on the atoms. If the ion energy (or momenisl adequate, the collision can
transfer sufficient energy to the surface atomvercome its surface binding energy
(3.8 eV for Au and 4.7 eV for Si), and the atonejiscted as a result. This interaction
is called sputtering and is the governing effectFiB milling. The process is
presented schematically in Figure 2.3a. Becausentieeaction depends solely on

momentum transfer to remove the atoms, sputtesiagaurely physical process.
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The number of atoms ejected or removed per incidentreferred to as sputtering
yield, Y, is generally utilised to characterise the efficig of the material removal.
The sputtering yield is usually in the range 1-%0nes/ion and is a function of a
number of variables including the ion and targetemal atoms’ masses, the ion
energy and angle of incidence, the target temperatad the ion flux. The sputtering

yield can be expressed (Smentkowski, 2000) as:

Y[atomd incident_ion] = Jatom$/n (2.1)

In Equation (2.1),Jatom$=V.p is the number of sputtered atoms apds the

number of ions that strike the sampléandp denote the volume of the resulting

crater Ent] and the density of the sputtered materébfs/cni, respectivelyz can
be expressed in terms of the ion currépd)], the sputtering timg,[s], and the charge

on an electron, &, wherele™ = 16107°[C] = 1610 °[Ag]:

n=Iltle (2.2)

To calculateY for actual FIB milling of a given material and smin reality the
guantity of removed material is best describedheydrater volumey, Equation (2.1)

can be expressed in the form:
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Y=Npe)/lt=V¥ p 161079/t (2.3)

Alternatively, Y can be defined based on the number of sputterathsggrby
multiplying the number of atoms obtained in Equat{d.3) by the atomic mag¥, of

the sputtered species and dividing it by AvogadmisberNa:

g 9] =Fatomg.M /N4 (2.4)

Y[g/incident_ion]=gg]/n=V.p..Me )/(I INp) =
=(V.oM 16™%)/(1.tN,)

(2.5)

Initially, the sputtering yield increases as the @nergy increases, but the yield starts
to decrease as the energy exceeds the level beyluiol the ions can penetrate deep
into the substrate. At this stage of interactiomglantation or doping can take place
in which the ions become trapped in the substratehair energy is expended.
Investigations (Tseng, 2004; Gierak, 2009) havesatad that the necessary energy
for having a proper sputtering is between10 and Kedd for most of the ion species
used for milling. For ion energies higher than @Y, implantation occurs as the
ions can easily penetrate into and be trappederirtterior of the substrate, whereas
ion energies higher than 1 MeV result in dominaatKscattering and nuclear

reactions.

During sputtering, certain amount of the ejecteaimat or molecules is frequently
redeposited back into the sputtered region, paatityuwith increasing milling depth

or when higher aspect ratios are targeted. Theposition makes it difficult to
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control the amount of material removed by sputtgrifiheoretically, the essence of
FIB milling is to carefully control both the matatisputtering and the redeposition, so

that a precise amount of material can be removedn(d, 2004).

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

The need for a better control and real time momtpof the FIB process has led to
the development of FIB machines that combine in sganing electron microscopy
(SEM) and FIB columns. Basically, in such setups B column is integrated on a
platform together with a SEM one, and their twoicgltaxes converge at the same
point on the sample surface. This ‘cross-beam’duaf-beam’ architecture (Figure
2.4a) was initially developed in the beginning loé 1980s (Sudrauet al, 1988) and
allowed in situ observation and non-destructive control during B8 machining
(Gierak, 2009). Also, successfully addressing isdik& positioning accuracy of the
ion beam spot and the associated sample movingasitioning, this configuration
has become immediately very popular and is widelgduin the microelectronics
industry. In fact, nowadays most of the FIB mantudesrs offer this type of
instruments (Figure 2.4b) (Carl Zeiss, 2011; FEmpany, 2011; Orsay Physics,

2011).

Apart from the SEM integrated column, the typic# Bystem normally includes an
ion source, ion optics column, a beam deflector sardple-holding or substrate stage
(Wang, 1997). A typical two-lens FIB system is shaw Figure 2.5. The ion sources
that are currently available include Al, Ar, As, ABe, B, Cs, Cu, Ga, Ge, Er, Fe, H,
Li, Ni, P, Pb, Pd, Pt, U and Zn. As mentioned earlAr, B and P ions are widely

used in microelectronics for implantation of semidoctor materials, whereas the
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popular ion species for micro- and nanofabricafom As, Be and Ga (Tseng, 2004).
Because of the high melting temperature and thetivety or volatility associated
with the pure metals, many of these ion specieparéuced from liquid metal alloy
sources, also frequently referred to as liquid Iietasources (LMIS). The LMIS has
been used to provide reliable and steady ion befmms variety of ion species
(Bischoff, 2008). The ion beam generated from LMd¢Sdirected through a mass
separator and a drift tube. The purpose of the m&garator is to allow only the ions
with a fixed mass-charge ratio to pass through (va©85). Then the drift tube
situated under the mass separator eliminates thfoldee ions which are not directed
vertically. The lower lens located below the dtifbe helps reduce the beam spot size
and improve the focus. Then, the electrostatic hdallowing the lower (objective)
lens, controls the final ion beam trajectory and kanding spot of the ions on the

substrate.

Often a multichannel plate (MCP) is situated abtwe target. The MCP helps in
viewing the substrate/sample by collecting the sdaoy electron emissions for
imaging (Reyntjens and Puers, 2001). The nozzlesshio Figure 2.5 is used for FIB-
induced etching and/or chemical vapour deposifitve whole setup is usually placed
in a low pressure chamber, where a vacuum of appaigly 1x10' mbar is
maintained. This is done in order to increase tilemean paths and to avoid beam
strength reduction due to the interference of plediin the chamber (Melngailis,
1987). Such a system would usually produce iongeeerfrom 50 to 250 keV with
the minimum full width at half-maximum (FWHM) beadiameter down to 5-7 nm
(Frey et al, 2003). FWHM is defined as the distance betweenldlsations on the

intensity profile at which the intensity reacheff baits maximum value. Achieving
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such a range of ion energies allows the systemetaided for both sputtering and
implantation. FWHM is used to describe the diametethe focused ion beam, in
which the ion intensity is highly non-uniformly dlibuted; frequently, its intensity is

close to a Gaussian profile.

To perform FIB structuring the ion beam is movedairinear fashion along the
sample; the beam displacement usually being refetce as scanning. In the
computer-controlled FIB systems, milling is done & precise pixel-by-pixel

movement (Tseng, 2004). The scanning can be pesfbimtwo ways: raster scan or
serpentine scan, as shown in Figure 2.6. In rast@nning — Figure 2.6a the beam
moves in the same direction throughout the wholgosure. Certain disadvantage
here is the increase in the overall processing time to the time required for the
beam to return to coordinate and settle beforeopmrhg the next scan. On the other

hand, in the serpentine scan, direction is revea$ied each pass — Figure 2.6b.

Besides the ion beam and its intensity, the athportant parameters that determine
the actual FIB milling process are the dwell tirdems], and the area step sifs,
[nm]. The dwell time is defined as the time the lmam spends on a given spot or
pixel, whereas the step size is the distance betweecentres of two adjacent pixels
— Figure 2.6. To mill a smooth profile with a caast rate of material removal or
milling rate, the ion intensity rate (the ion fluwjth respect to the scanning direction
has to be uniform or unwavering. To achieve thg, pixel spacing must be small
enough to allow a proper overlap between adjaceigpso that a smooth uniform
profile can be milled. In addition, to mill a smbaturface between the scan lines, the

area step size between adjacent scan lines massdemall enough to allow a proper
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overlap between adjacent lines. In some casegsaitzaneters are combined in a dose,
term that is used to describe the exposure amaamtdpse) over a certain area. In
general, the larger the exposure dose, the delepeanitled structure; however, due to
the redeposition effects and especially for higbeas ratio (AR), submicron features
filling of the milled structure and/or non-flat bom occurs. Thus, when performing
FIB milling with one pass over the targeted arestracture with V-shaped profile is
obtained (Li et al 2003; Tseng, 2004). However, when 2.5D (microaegn
structures have to be produced, there are sesgmairements that should be satisfied,
in particular: (i) flat channel bottom, (ii) neanertical sidewalls and (iii) high AR
profile. Furthermore, when producing 3D featuressitessential that the overall
geometry of the target feature is produced accyraaed usually within tight

tolerances.

That is why usually a number of consecutive pas$é¢se milled area are applied to
meet those requirements. In this case, the passebe regarded as layers stacked
along the normal of the sample surface; hencetfite of machining is typically
referred to as layer-based FIB milling. If the adese is distributed in a relatively big
number of layers the following improvements canalshieved: (i) the re-deposition
effects can be minimised, if not entirely elimirditand thus (ii) accurate, predictable
structures with flat bottoms can be obtained. Farrttevelopment of the layer-based
milling approach has enabled the predictable falioa of 3D features (Lalest al,

2008 Lalewet al, 2009; Svintsoet al.,2009).

2.2.3 FIB modes of application

As discussed in the previous section different phegna can occur at various energy
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levels depending on the specific ion-target inteoas. This, in turn, makes possible
the utilisation of the FIB technology as a versatiiean of structuring. Especially,
whereas the FIB milling can be used as a mateealoval technology, the ion
implantation allows for alterations of the matepabperties of the target. In addition,
chemically-enhanced FIB milling techniques suche&shing and deposition have

found applications in the microelectronics industry

lon Implantation

This phenomenon is widely used in the microelectonndustry as a means for
doping of semiconductor materials. Through ion mmphtion the properties of a
given material can be modified by inserting selédtas within its atomic lattice. The
penetration depth of the ions is usually adjustethe micrometer range. Commonly
used ions are B, As, Ge, P and Si implanted in maddesuch as silicon and gallium
arsenide and the implantation doses vary in thgedt* ions/cnf — 10 ions/cnf.
Apart from microelectronics, this technique has rbesiccessfully applied for
improvement of the surface properties (surfaceggnand absorption) and reduction
of surface corrosion, as well as for improvementtled mechanical properties of

materials (i.e. reducing wear and friction) (Gier2aQ09).

Chemical Reactive lon Etching (RIE)

The chemical reactive ion etching — Figure 2.3bs wdially proposed (Kosugt al,
1991) as a solution to the effects of the redepwsipphenomenon, such as
contamination of the surface of the specimen, glafiling of a previously milled
structure in case of deep milling and possible oerce of short circuit between

interconnects (Santschkt al., 2006). Chemically assisted FIB milling processes a
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based on the local injection in the working chamtfea reactive gas. The surface of
the sample adsorbs part of the injected gas thdlilyereacts with the sputtered atoms
of the target in forming volatile compounds. Thesétile products do not redeposit
since they are evacuated by the pumping systetmeafiamber. Nowadays, a number
of etching processes and recipes are availableiniproving etching selectivity
between given materials, decrease of redepositidrsabstantial improvement of the
achievable aspect ratios (widtlepth) of the milled features (Gierak, 2009). arta
drawbacks of this method are the contaminatiorceffen the sample surface and the
limitations in ultimate resolution due to scatterieffects of the incoming ions in the

adsorbed gas layers (Henal.,2008).

FIB Deposition

Figure 2.3c shows the principle of FIB local defiosi This technique is based on a
mechanism of energy transfer between the seconelactrons generated by the
collision of the focused ion beam with the substistmple surface. This energy
transfer is due to locally ‘cracking’ gas molecuiegcted and absorbed on the target
surface. The non-volatile compounds of this rea¢twhich are generally selected for
their metallic or insulating properties, form aidotleposit adhering to the sample
surface. The materials usually used for depositign platinum (Pt) and/or tungsten
(W) (Hon et al., 2008). A major advantage of the FIB technology doethe
deposition technique is that, since it can easdycbmbined with direct milling, it
enables the use of the same tool for creating tstres by both material removal
(milling) and material add-up (depositing) withatVely good three-dimensionaid

situ process control (Jeon and Melngailis, 2006).
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The doping, RIE and deposition (which can be carsid complementary to the FIB
milling in terms of micro-nano-manufacturing) fimlany applications in the silicon-
based manufacturing. Therefore, the FIB capalsliaed limitations are relatively
well studied. In regard to the cost-effective immpéntation of the FIB technology into
manufacturing platforms for fabrication of replicat masters those techniques
appear to be somewhat secondary, or complementatige FIB milling. Therefore,
this research is focussed on exploring/investigative challenges and capabilities of

the direct FIB milling.

FIB Milling — Characterisation and Functions

The nature of the FIB milling allows for the fatatmn of high-resolution, complex
sub-micron 2.5D and 3D features through controlieaterial removal. As already
mentioned, the sputtering and redeposition aregexerning phenomena that cause
material removal. In fact, in order to achieve thggeted shape, especially in FIB
machining of 3D features, it is of crucial importarthat the effects of redeposition be
taken into account. Besides the sputtering yieie/rand the redeposition, the
homogeneity of the FIB milling process is stronglfected by the properties of the
target material (crystal, polycrystalline, amorpsodoped etc.) as well as by the

angle of incidence of the ion beam.

2.2.4 Angle of incidence

The angle of incidence, usually denoteddaf] has a direct and very substantial
influence on the sputtering yield. As shown in Feg@.7 af is defined as the angle
between the direction of the ion beam and the sarfaormal. When the incidence

energy of the ions is high enough, approximatelgvabl keV (Kimet al, 2007 a),
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the relationship betweelY and & can be expressed by the cosine rule, and is
proportional to icosé (Svintsovet al, 2009). This angular dependence is observed
for a wide range of angle$ as well as for lots of materials, ions specied toeir
energies (Andersen and Berish, 1981). Figure 2htws the sputtering yield as a
function of 0, obtained for silicon sample sputtered with®Gans accelerated at 20
and 30 keV. As shown in Figure 2.7b increasing itteedence angle increases the
sputtering yield until it reaches its maximum n8@f; then it decreases very rapidly
to zero as the incident angle approache®s 88 mentioned earlier, the amount of
sputtering is dominated by surface collision cassadAs the angle of collision
between the ions and target atoms increases frematancidence, the possibility of
the target atoms escaping from the surface duhiagollision cascades increases and
eventually this leads to an increased sputter yilfter reaching a maximum, the
sputter yield decreases again as the ion approgtéiesing incidence because of the
increase in reflected ions and the fact that mackraore collision cascades terminate
at the surface before they are fully developed.

This 6 - Y relationship has also been verified by numeroosikitions performed by

various research groups (Fretyal, 2003; Lehreet al, 2001).
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Figure 2.7 FIB milling characteristics: a) angleiofidence of ion beant, and b)
sputtering yield to angle of incidence relationshipdapted from (Kinet al, 2007 a).
a andp in a) represent the emission angle of sputterethstand 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 thB FEchnology allow the machining
of virtually all kinds of materials ranging from maés to polymers. The machining
behaviour of the different materials, however, migield very different results for
unique FIB milling conditions (Prenitzet al, 2003). This behaviour also referred as
milling rate is directly related to the sputterivigld, Y. The relationship is discussed
in further details in Chapter 6. The response eftttaterials to ion sputtering depends

mainly on their material structure - crystalline)yzrystalline, amorphous etc.

More patrticularly the polycrystalline materials éxh significant grain anisotropy
leading to non-uniform ion etching and re-depositiof the materials. This
phenomenon is not observed in mono-crystalline nadge such as silicon and

alumina which are utilised for electron and iont@ating.

Unlike the polycrystalline materials the amorphatsuctures (silica, amorphous
metallic glasses, and bulk metallic glasses - BM@® very suitable for charged
particles milling because of their isotropic sturet Furthermore their properties are

identical, irrespective of their macro-orientatiomvards the particle beam.

For metallic glasses with high metalloid concemtrathe electronic transport would
be dominated by s-like nearly free electrons, tesmlin dramatic changes of
transportation properties of these alloys compacetheir crystalline counterparts
(Ivkov et al, 1989; Liet al, 2007). Thus, in amorphous metals, the energgiaiiion

during the ion exposure is minimised, leading toramease of the sputtering yield.

Furthermore, a higher surface integrity of the it micro and nano-structures can
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be obtained in the non-crystalline materials beeaus crystalline defects, such as
dislocation pile-ups, point defect agglomerates grain boundaries are present to

facilitate the formation of micro-cracks and pores.

In addition to that, if the dose level of the ioasot high enough, amorphization may
occur in the bombarded area of a crystalline satess@nd can induce swelling on the
substrate surface. In amorphization, the incidens iin most cases are buried in the
target material and may also displace atoms im thttice so that the displaced atoms
redeposit on the nearby surface. Since most oFtBeaoughly resembles a Gaussian
ion distribution, the intensity at the tail of theam is much smaller than that at the
centre region and it is not strong enough to sputi@erials but is sufficient to cause
amorphization that induces substrate swelling. Ndiym the intensity to cause
swelling is two to three orders of magnitude lovtlean the optimized sputtering
intensity and the swelling disappears if the ingnscreases, as reported by several
research groups (Stanishevsky, 1999; fetegl.,2003; Lugsteiret al,2003). During
channel milling, the FIB always has a tail regibattpossesses the right dose to cause

maximum swelling.

Also, the ion irradiation generates electric charteat might cause drifts of the ion
beam or damage to the feature being milled or Weeadl device structure. Thus non-
conductive materials are usually coated with a naeter-thick layer of conductive
material, most often Cr, Au (AuPd) or Cu (Tseateal.,2005;Prenitzeet 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 indigemgle dependency, re-deposition
and backscattering are inseparable part of the milBing process and have a
significant influence on the FIB machining outcomdws they should always be
taken into consideration when designing a FIB mgjlprocedure. That, however, is
not a straightforward task and attempts have beadento predict the FIB milling

outcome by simulating the process.

A software package, TRIM (TRansport of lons in Magit has been widely used for
predicting the sputtering yield for many differdaohs at a wide range of energies.
TRIM is a comprehensive Monte Carlo program, whdaltulates the stopping ranges
of ions into matters by applying a quantum mechamadescribing analytically ion—
atom collisions (Biersack and Haggmark, 1980). Gdleulations are made efficiently
by the use of statistical algorithms, which alldve tcollision results to be averaged
over the intervening gaps. Especially, with the aB&RIM the distribution of ions
and the kinetic phenomena associated with the ien&rgy losses can be studied,
including target damage, phonon production, iomzratand ion reflection,

implantation and sputtering.

While TRIM has proved to be very efficient for silating of the purely physical

sputtering other software tools are necessary tdemthe milling process when
producing complex and/or 3D features. Especiallighssimulation software should
take into account the effects of FIB milling spexsflike angle-dependent sputtering,
re-deposition and backscattering with regard tadingensions of the target structure.

Kim et al. (Kimet al, 2007 a) proposed such tools, in particular AMALE=2D
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(Kim et al, 2007 b) and AMADEUS 3D simulators. Especialhe AMADEUS 3D

software could be used to simulate the resultingasa topography after FIB
machining that takes into account the angle-depdrsjuttering yield and the effects
of redeposition. The development of tools with 3Bdation capabilities were also

reported by other researchers in the field (Katavdjt al, 1994; Vasileet al, 1999).

The lonShaper® (Platzgummet al, 2006) simulator considers both the angle of
incidence dependant sputtering and the redepoditibrwhen utilised for 3D feature
simulations showed substantial discrepancies betvlee profiles predicted by the
software and the actual ones (Romreehl, 2010). Also, a major drawback of this
software is that 3D simulations can only be perfdnior axisymmetric features.
Svintsov et al. (Svintsoet al, 2009) proposed another simulation model and by
applying it an improvement of the simulation accyravas reported. This model was
implemented in the lonRevSim software (Zaitssval, 2009) that was specially
developed for FIB and multi-ion beam (Dietzdlal, 2006) applications and takes
into account the angular-dependency of the spogeate. The software simulates the
sputtering process during FIB machining based enigbtropic local etching model
(Svintsov et al, 2009; Zaitsevet al, 2009). This model allows for the 3D ion
sputtering process to be simulated by varying sexternal parameters, such as
sputtering sensitivity (sputtering rate), numbed gahape of layers, area step size and
beam diameter. In addition to its simulation caliads, the lonRevSim software
provides a data preparation solution that servestasl for estimating/calculating the

FIB processing parameters that should be appligddaduce a given structure.
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2.2.7 FIB milling of complex 3D features

Process specifics like beam spot sizes in the nateymange and being a direct-write
(maskless and resistless) technology determinefléxgbility and high resolution
patterning capability of the FIB technology. Thasgabilities enable the utilisation
of FIB milling for the reliable realisation of priee complex and/or 3D features.
However, due to the redeposition effects and theiddemce angle dependant
sputtering, the FIB milling is feasible for produogi structures with AR not much
higher than 1 (Kinet al, 2007 a). Despite this, the capabilities in rdgarachievable
shapes, low surface roughness and the wide rangetefrials that can be machined,
make FIB milling highly efficient for the fabricam of complex patterns. The
structuring of 3D shapes, however, requires soneeifsp “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 appligddB milling of 3D patterns:
the use of bitmap data files employing the builtswftware of the FIB systems or
GDSII data files where the FIB milling process igtegnally controlled by

conventional lithography software (Laleval, 2008).

In the first case each bitmap data file represantsoss-section of the 3D structure,
i.e. it can be regarded as one slice from a stddflices defining a given 3D shape.
Therefore, a sequence of such cross-sections tach sf bitmap files are necessary
to produce a 3D feature/structure. As they aregs®eed one by one with the built-in
FIB software while the probe current and millingné for every single file has to be

specified manually, this is a very slow and impeaitapproach. In addition, the
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precise alignment of the layers cannot be guardnéeel also errors in the layers’
exposure order are possible. Thus, this approatctt@mpromise the accuracy of the

targeted 3D structure.

In contrast, the second approach allows for crgatimd exposing of the whole 3D
model as a single file. Standard CAD packages seel tio create the 3D models of
the targeted structures and then they are expand neutral data files using
stereolithography (STL) format. This file formatused due to its acceptance as an
industry standard data exchange format for laysedamanufacturing and its
simplicity. However, the STL files cannot be apgli®r FIB milling directly, and
therefore they have to be converted into the GB8kam file format. It can be
utilised to mill 3D features directly, while the B-lis externally controlled by
lithography software. The GDSII files can be uétisto realise two different FIB
machining modes, in particular layer-based and iegtaionary modes presented

schematically in Figure 2.8.

In the first mode the 3D geometry is defined asaaksof layers ordered along the
vertical axis of the feature or structure (Figur8 &). Each layer represents a cross-
section of the 3D model at a given height alongziaxis. The number of layers
determines the accuracy of the feature/structuae whil be produced. In general, a
bigger number of layers will result in a better aletion and profile accuracy.
However, there might be some constraints regarthagiumber of layers that can be
used to represent a given 3D model due to somedatioms of the lithography

software. All the layers are machined in a strmttdim-to-top sequence.
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Figure 2.8 FIB machining modes: a) layer-basedigrguasi-stationary.
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In the second mode the overall exposure dose fiwvemn 3D structure is divided into
a number of smaller doses. Each of them is assigmexh exposure pixel of the
model. The dose at each pixel is determined bytdhgeted structure depth at any
respective point. This could roughly be viewed agedical slicing of the model, as

shown in Figure 2.8b.

To facilitate the file generation and also to mirdenthe number of translations
between software formats new software for data gegwn and generation,
lonRevSim, was developed specially for FIB machini8vintsovet al, 2009). One
of its advantages is that, when utilised in itelagased mode, there is no upper limit
to the number of layers that can be used to ddirstructure and the maximum
number is determined by the minimum layer thickndagrthermore, when the GDSI|I
file is transferred to the lithography software thké pre-defined layers are embedded
into one ‘zero’ layer and therefore the ‘maximumIléyers’ restriction posed by the

software can be eliminated.

Even though there are simulation tools availablestimate the sputtering rate and the
resulting layer depth after FIB machining it is rattrivial task to set up the
processing parameters so that the actual strustaegpth matches the targeted one

(Velkovaet al, 2011b).

2.2.9 Overview on the FIB milling capabilities
Since the early developments (Seliggral, 1979) the FIB technology has been
improving continuously in terms of processing caliigds and achievable resolution

of the patterned structures, especially in lateliahensions. The FIB technology
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developments were aimed at achieving sub-micrarcistring, and nowadays all new

FIB systems’ configurations are targeting nanomsize patterning (Gierak, 2009).

Indeed, many research teams have reported patjesha5D structures like channels
(Prenitzeret al, 2003; Hopmaret al, 2007;), gratings (Wangt al, 2007; Li et al.,
2010; Vick et al, 2010) and holes (Kapsat al, 2004; Hopmaret al, 2007) of
micron, submicron and nanometer dimensions withtikedly low surface roughness
(Urbaneket al., 2010). Furthermore, by implementing layer-baselingi combined
with specific data preparation techniques, sevezakarchers (Laleet al, 2009;
Svintsovet al., 2009) reported the fabrication of 3D structuresused silica (Si¢)
with features of approximately 1.5 pum in lateraindnsions. Furthermore, using
solely FIB Scholz et al., (2009) reported the piatun of micro lenses in silicon and
then the machining of nano lenses on their concavéaces with high shape and
positional accuracy. However, as it was mentiometthé previous section, the correct
estimation of the resulting overall feature deptitamable in FIB milling is still a

major issue.

A big challenge to the successful implementationtred FIB milling process in
economically viable practical applications like essmaking process chains is the
high processing time dictated by the low matereahoval rates of the process. To
overcome this limitation FIB milling could be usefbr structuring in the
submicron/nano dimensional range on top of micedtfiees produced by employing
other technologies. Alternatively, FIB could be kgxb to structure small arrays of
submicron/nano features, which can then be replicaver a larger area. However, to
be able to benefit fully from the advantages tihat EIB milling technology offers,

further investigations and development efforts meeessary to address successfully
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its limitations.

2.3 Summary

In the first section of this chapter the concepprdcess chains is presented and the
advantages and disadvantages of their implementatow the production of
components incorporating features with millimetmajcrometer and nanometer
dimensions, such as tools for serial replicatior, discussed. Then, the most widely
used production technologies in micro- and nanonufecturing are reviewed and
their possible applications in cost-effective maatifiring routes are discussed with

regard to their advantages and limitations.

The second section reviews various aspects assdciwaith the use of the FIB
technology. To justify its cost-effective implematidon in process chains for serial
manufacture its principle of operation, working reedand applications were
analysed. The advantages and limitations of thetE@Bnology in performing 2.5D
and 3D patterning are discussed in details an@pe@ed research issues that restrict
its broader use are identified.

In this Literature Review Chapter the following uss were identified for
investigation:

e A number of factors like process compatibility, qadementarity, and
alignment issues should be taken into account foe tsuccessful
implementation of a process chain. Further invastig of those factors on
master - manufacturing routes as well as the watiftn of an actual process
chain for high throughput production is necessary.

* The influence of constraints like the low matereioval rate on the overall
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cost-effectiveness of the process chain shouldxbenmed, especially when
the production of 3D features with tight tolerandssrequired. Also its
compatibility with other technologies for micro asdbmicron structuring,
preceding or following it immediately, should bedied further.

A major issue in FIB milling is that the featureiilled depth cannot be
predicted accurately. That is particularly problémahen 3D patterning is
concerned. Therefore a thorough investigation eftocess parameters and
their impact on the milled depth is carried outhis research.

The FIB technology can be used to structure vilyuall kinds of materials,
with the amorphous materials exhibiting better omse to ion sputtering than
crystalline ones. Properties like high hardness;tére toughness and fatigue
strength make the amorphous alloys very appropratefabrication of
masters for serial replication. Thus their FIB maability needs to be studied

with emphasis on the vertical direction i.e. miltepth.
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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 complemegntachnologies is proposed to
fabricate masters for serial replication. It explorthe notion that the use of any
particular technology is viable only within a giveptimal processing window, and
therefore a sequence of processes should be agpligatoducing cost-effectively
complex structures, e.g. incorporating differentSIFifeatures. The proposed process
chain utilises the electroforming technology foogucing nickel replication tools
with relatively high hardness and wear resistar&iso, this technology allows
features of more complex shapes and various stalbs replicated, which in turn
makes possible the use of a wide range of techreddgr structuring and fabrication
of the electroforming masters.
Three main objectives were set when designing anpdeimenting this process chain,
in particular:

1. to develop a manufacturing platform for serial fe#tion of organic electronic

devices, especially to validate it for R2R serialprinting of large area

organic electronic devices;
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2. to investigate whether the FIB technology couldused cost-effectively for
serial production;
3. to explore the capabilities of the FIB milling pess for achieving FLSI into a

single product.

3.2 Process Chain Design

The proposed process chain for fabricating Ni shilmas can be used as masters for
serial replication is presented in Figure 3.1 nipéoys the FIB technology to machine
precisely very complex nano and micro 2.5D and 8Dctures (Scholet al, 2009).
However, this technology can be applied for pattgymaccurately and cost-effectively
only relatively small areas, e.g. up to 100x100 witthout stitching, due to its low
material removal rates. Thus, it is not suitablesioucturing bigger surfaces. Hence,
to make the best use of this process, it shouldygied only for patterning of
relatively small areas, e.g. the machining of subrom and nano-structures on
nanoimprint lithography (NIL) templates (et al, 2007 a). Micro structuring, which
usually is required for patterning larger areastlid masters/templates, can be
performed more efficiently by employing other teglugies such as photolithography
or laser ablation. Therefore, by structuring a textep in two stages, first by
performing micro and then high resolution sub-micrand nano patterning, the
fabrication time can be reduced drastically andstthe cost effectiveness of such
master-making process chain can be improved sugmifiy. Then, by employing Step
and Flash Imprint Lithography (S-FIL) (Resniekal, 2005) it is possible to use such
templates to pattern 4” or 8” wafers, which carubed as masters for the subsequent
electroforming process. Finally, Ni shims fabrichie this way can be integrated onto

R2R rollers, and thus, used for imprinting of UWidahermally curable polymers.
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Figure 3.1 The stages of the proposed master-makowess chain
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A more detailed description of the different “compat” technologies and steps that

are integrated in the proposed process chain igged in the following sub-sections.

3.2.1 Data preparation

This initial stage of the process chain involves 8AD design of the desired
structures and the follow-up data preparation fogirt machining. For relatively
simple features like 2.5D channels bitmap data bandesigned externally and
uploaded into most of the FIB systems, or can kated directly using their build-in
pattern generators. A more sophisticated approeghines the use of a lithography
software and hardware like Elphy Quantum (Raith &jnbr Nanomaker where
various 2D shapes can be easily designed, mullipdied if necessary the respective
exposure doses specified. However, the generatiomomplex 3D shapes like
diffractive optical elements, necessitates a dffeérapproach. It was proposed to
realise such 3D structures by designing their festun any 3D CAD package and
then, by following a sequence of translational apens, the 3D geometry to be
converted into a stack of layers ordered alongvdréical axis of the model (Lalest
al., 2008). After such a ‘slicing’ step, the modekigorted into a GDSII stream file
format and each GDSII layer represents a set ob®&xe pixels defining a cross-

section, a slice, of the model at a given poinhglits vertical axis.

3.2.2 Template structuring

The next stage of the process chain involves faba of the template necessary for
UV-NIL. The patterning of the template mesa is parfed in two stages: micro-
structuring and nano structuring, respectively. Thaterial used for the UV-NIL

templates is fused silica as it has to fulfil sevarery important requirements, in
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particular, the workpiece must have a good tramsparin the UV region, it should
be amorphous, since the lack of polycrystallinaucdtire is a pre-requisite for
patterning surfaces with very low roughness by ebghing and/or FIB machining,

and must have a good wear resistance.

Micro structuring

This stage involves mainly the usage of two techgiels: photolithography and laser
machining, which are cost-effective for micro stuumg relatively large areas (up to
tens of c) of the template with a good dimensional accus@uy surface roughness.
Especially, F2 laser ablation can be used for ts&ccturing or in projection mode
for machining the mesa of fused silica templatethaut triggering any material
crystallisation (Lalewvet al, 2009). The later is an important issue since pingse
transformations would have affected the machinegplts of any subsequent nano-
structuring steps employing FIB. In case of phtholgraphy, after exposure, a
follow-up step is required to transfer the patterthe mesa by dry etching. It is worth
pointing out that there are certain drawbacks aatstwith such a micro-structuring
step. In particular, if photolithography is empldyehe resolution is limited to 1
micrometer (Maalouét al, 2009), a mask is required, the 3D patterningabdities
are limited and a subsequent dry etching is nepgds2 laser ablation is an attractive
alternative solution due to its direct structursapability, however it should be noted
that this machining route is significantly more erpive than the photolithography
one and the achievable resolution is around 5 mmeters. 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 macgiaofrsub-micron and nano features
over the pre-existing micro topography.

The FIB milling process offers many advantages, féegibility, high resolution and
high surface quality that are extremely importast aster making (Scholket al.,
2009; Younet al, 2006). However, a major disadvantage of this netdgy is its
relatively low removal rates. To address this isaumulti-ion beam concept was
proposed that combines the high resolution capesilof the FIB technology with the
higher throughput advantage of parallel lithograghgtems. In particular, to satisfy
the requirements for high productivity, a projentimaskless nano-patterning (PMLP)
system is under development (Platzgumraeral, 2008). Its working prototype,
which incorporates 48,000 beams working in parakEmonstrated a significant
increase of the removal rates and improved resmutiompared to conventional

single focused ion beam systems.

Another important issue when structuring processesntegrated in process chains is
the alignment of new features to any pre-existemjdres/topography on the wafer or
workpiece. In the proposed chain this alignmentidde realized either by manually
positioning the sample stage while inspecting thm@e in SEM or FIB imaging
mode, or automatically, by using “feature recogmtioption available in some FIB

systems to find alignment marks machined in th&iptes processing steps.

Finally, an ion beam sputtering simulation softweas also be employed to reduce
some negative effects such as re-deposition oftexeat material and over-etching

(Svintsovet al, 2009). Its utilisation as a data pre-processieg before FIB milling
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makes possible the optimisation of the process npetlers and even model

modifications in order to counteract the matemateposition.

3.2.3 UV-NIL imprinting

The multiplication of the features, structured twe fused silica templates, onto a
wafer is carried out through UV-NIL. As discussadthe previous chapter the UV-
NIL and especially the S-FIL process offer sevenajor advantages, compared to the
thermal NIL, that make it the better option for tienultaneous imprinting of nano
and micro patterns (Resniakt al, 2005). In particular, the process capability to
pattern uniformly large surface areas and imprinicron and nano-features
simultaneously, as well as the absence of therx@aédresion and the possibility to
imprint even complex 3D topographies were consllerecial for the cost-effective
implementation of this process chain. Therefore, $AFIL technology was selected

for the proposed master making manufacturing platfo

3.2.4 Electroforming

This stage is necessary in order to fabricate ¢aplin Ni of the S-FIL imprinted
wafers and then to utilise them as masters foakegplication. The electroforming
process allows very precise replicas of wafers wiaho- and micro-topography to be
produced (Tang, 2008). Furthermore, it is a redyivfast and inexpensive way for
fabricating robust tools, Ni-shims, which can bedias hot embossing stamps, skins
for R2R rollers and injection moulding inserts feerial production of polymer

components (Leech and Lee, 2006).

Finally, it should be noted that the proposed mriasiaking process chain can also be
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implemented for serial production of componentdNirresembling the direct LIGA
process (McGeouglet al, 2001). Since the latter is not within the scopethis

research it will not be discussed further.

3.2.5 Serial replication

The proposed master-making process chain can b& fasea number of serial
replication technologies for scale-up micro mantufse including micro-injection
moulding (LIM), R2R imprinting and hot embossing=s)Hogether with some of their
variations such as compression injection mouldimgg R2R thermoforming (Heckele

and Schomburg, 2004).

To make the best use of their specific featuresh si$ high-throughput manufacture,
replication of different length-scale structuresratively high speed and the wide
range of materials that can be processed, R2R mtnpgi was selected as a serial

replication process to validate the proposed pchkain in this research.

3.3 Experimental Set-up

3.3.1 Test device

To test the proposed master-making process chaingée device organic thin film
transistors (OTFT) was selected. With commonly usedcost industrial patterning
and printing technologies for producing such desjiche maximum operation
frequencies that can be expected from organic lggies are in the 10 kHz range due
to the limited resolution of these techniques;ieimum achievable channel length
is in the range of 10 um. By applying the new psscehain it will be possible to

reduce the critical dimensions of OTFT towardsghlemicron channel length regime,
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Figure 3.2 The OTFT design a) overall view, b) mhgad central area, and c) the

interconnecting trenches to be structured by FIB.
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and thus to achieve switching frequencies in thidzNMegion. Apart from achieving
this downscaling, the minimisation of the parasitqpacitance is another contributing
factor in reducing the switching time. To validaites, together with the capabilities
of the proposed process chain, the OTFT desigrepted in Figure 3.2 was used.
Figure 3.2a shows the photomask design. The testedeomprises of different
layouts of pads, connectors-width-to-distance testsas for channels to be machined
by FIB (Figure 3.2c) and various test-structureslbal and perpendicular to the R2R

imprint direction.

The main functional structure of the device comssist multiple micro-channels as
shown in Figure 3.2b that are interconnected thimaugro- and sub-micron trenches.
Also, this design is a good example of a properi@mentation of the FLSI concept
(Bigot et al, 2009) as it incorporates both micro- and sub-amcdimensional

features on a millimeter-scale area. A magnifieadgm of the center of the OTFT
design is shown in Figure 3.2c. As it can be seemthe sketch, the interconnecting
channels vary in size. The minimum trench width58 nm, followed by 600 nm, 900
nm, 1.2 um, 2.4 um and 5 pum. Their length is datethby the distance between the
big micro channels and is in the range from 116G pum. The targeted depth of the

whole structure is 450 nm.

3.3.2 NIL template fabrication

A fused silica template with a mesa, with dimensi@éx25 mm and height of 30 um
was manufactured by grinding, prior to the micnudturing stage. Then, the micro
channel structures, including the 5um interconngctienches in the template, were

produced by photolithography. Microposit S1813 phesist was spun on the mesa at
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4000 rpm giving a film thickness of ~1.8 um aftaking at 97 °C for 2 min. The
template was then placed in the Karl Suss maskelifpr exposure. The resist was
exposed using a UV light (365 nm wavelength) fae6. A developer solution with a
ratio of 6:1 DI water to Microposit developer 240/As used. The developing time
was 45 sec. The template was then rinsed in Dirveate then dried with Ngas.
Following the photolithography step, dry etchingswesed to transfer the pattern into
the fused silica. To carry out this operation anfd@x Instrument PlasmaPlus 80
reactive ion etching (RIE) system was used. Thiestregted as a dry etching mask
with a selectivity of 3:1 to the fused silica. Axture of 80 % carbon tetraflouride
(CF4) and 20% oxygen @Pwas used as an etching gas. The template wasdetch

20 min at 40 mTorr pressure applying 100 W RF power

The sub-micron and some of the micro channels enatttive area of a UV-NIL
template were machined by FIB milling on a CarlsdeXKB 1540 FIB/SEM cross-
beam system. The build-in pattern generator wasl tsedesign the channels. To
avoid charging, the template was coated with 20nnT¥il@. The submicron and
micron trenches up to 2.4 um were machined on ¢hgplate by applying probe
currents ranging from 50 to 200 pA. Their alignmenpre-existing structures on the
template mesa was performed manually by utilisimg imaging capabilities of the
FIB system. Figure 3.3a shows part of the centred af the OTFT with the FIB-

structured interconnecting trenches.

3.3.3 NIL and electroforming
An UV-NIL system, Imprio 55, was employed to mulyiphe template topography on

a 4” wafer employing the S-FIL process. The impnigtwas performed on a double-
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Figure 3.3 Central area of the OTFT with the int@rcecting trenches on a) the |-

structured template and b) the NIL imprint of teenplat:
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sided polished silicon wafer spin-coated with ar@hick layer of DUV30J, which
served as a planarization layer and a bottom afigative coating (BARC). After
stripping the Cr coating the wafer and the templasre mounted into the NIL
system. Utilising a drop-on-demand build-in dispegsystem, an array of pico-litre
sized drops of a low viscosity monomer, MonoH{atvas spread over the imprinting
field before the template was lowered onto the gréghen the surface tension of the
liquid is broken, capillary action draws the fluito the template features and thus
spreading the resist across the template active digen, the fused silica template
was exposed to 355nm UV light in order to crosg&-line monomer and solidify it.
Finally, the template is withdrawn, leaving an exaplica of the structured template
on the wafer surface. To multiply the template tmaphy the process is repeated to
imprint an array of fields. Part of the centrala@ the OTFT on one of the NIL

imprints is shown in Figure 3.3b.

For the 4” (round) Ni shim fabrication a commeractroforming system, Digital
Matrix SA/1m, was utilised. The parameters usedaoy out the electro chemical
deposition were as follows: electrolyte: Nickel fantate, bath temperature: 60
head rotation speed: 30 rpm, pH 3.96, current tenil/0.5 A/dm, waveform:
Spiked down/Ramp down, cycle time: 10 ms. The olehishim had a thickness of

100 um. The central area of transistor on the shipnesented in Figure 3.4a

3.3.4 R2R hot embossing
The VTT's Pico pilot production facility, shown figure 3.5a, was used to test the
shim produced applying the proposed process cfdia. machine consists of two

gravure printing units for thin film deposition aacot embossing unit. The
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Figure 3.4 Centralraa of the OTFT after a) electroforming of the Nvhprint, and b

R2R imprinting of the shi
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prefabricated shim was laser welded to a sleevelwivas then mounted on the R2R

hot embossing machine. The sleeve with the shshasvn in the Figure 3.5b.

For R2R tests, mr-1 7030E resist was depositedgusirward gravure printing on top
of PET Melinex ST504 substrate. The printing cy@ingharameters were: mesh 64
lines/cm, depth of cell 44 pm and transfer volurBeril/n¥. Printing speeds of 2, 4, 6
and 8 m/min were used during the resist deposémhthen dried with hot air, which
temperature was 120 °C. Based on a carried outlisgpection the best printing
speed for consistent deposition of high qualitméi was determined to be 4 m/min.
The layer thickness of the resist was measuredjshyco optical profilometer and

it was 300 nm.

After the resist deposition, R2R hot embossing pexrformed. The embossing speed
was 10 m/min, and the applied pressure was 4 bateahperature of 120 °C. Figures
3.5¢c and 3.5d show the hot embossing roll usetiercarried out tests and a zoom-in
image of the replicated structure, respectivelgufe 3.4b shows the R2R imprint of

the transistor’s central area seen on the Ni shifigure 3.4a.

3.3.5 Inspection

SEM images of the features were taken using Cads2¢B 1540 at each stage of the
process chain and then analysed with the buildrnmaiSSEM software. 50 pA FIB
probe current was used for making cross-sectiont of the inspected structures
(Figure 3.6). To minimize the measurement erromaéiges were taken at 3 kV EHT
and the same SEM aperture. After a calibration vathreference sample, the

measurement error of the instrument in XY direciias assessed to be in the range
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Figure 3.5 R2R replication process a) VTT's PicdRRbt embossing installation, b)
a roller with an integrated Ni shim, c) an improhteET 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 3ffedetilt in order to be able to
image the vertical walls of the structures. In &ddi the “tilt compensation” option

of the SmartSEM software was utilised in order teasure accurately the features’
height. Cross-sectional SEM images of the 450 namieél on the quartz template, S-

FIL imprinted wafers, the Ni shim and the R2R replare presented in Figure 3.6.

3.4 Discussion

3.4.1 Analysis of the results

The experimental results obtained after each stapeoproposed process chain are
discussed in this section. As the OTFT channels tageéred sided walls, the
measurements of their width were taken at the bgttop and in the middle of each
structure. The full width at half maximum (FWHM)lua of the channels was used to
compare the results after each step of the propoesgss chain. Table 3.1 shows the

measured FWHM values of the channels.

The difference between the width of the channelheftemplate and the NIL imprint,
in percentage, is shown in Figure 3.7. It is ndfialilt to see that there is a tendency
the difference to decrease with the increase of dh@nnel width. This can be
explained with the fact that with the increase lué twvidth the aspect ratio of the
features decreases due to the constant depth ehtdreels. In particular, it is more
difficult to machine high aspect ratio channels ang deviations during the template
structuring affect the follow-up replication proses. In addition, it should be taken
into account that the relative measurement erropeircentage of the nominal width,
increases with the decrease of the nominal dimassid the channels. The average

difference for all channels is around 5.6 %, whgmore than have been expected.
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Figure 3.6 SEM images showing a cross-sectionabtat450 nm channel on a) the
fused silica template, b) the NIL imprinted replichthe template, c) the Ni shim

fabricated from the NIL imprinted master and d) R#R replica of the shim
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Table 3.1 FWHM values of the channels measureddt stage of the process chain

Target width
[nm] 450 600 900 1200 2400 5000
Chain’s stage
Template 379.3 4815 812.1 989 2232 4995
NIL imprint 343.6 4575 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 resisirdtage after the UV curing, which
was expected to be approximately up to 3% for Moadfh(Resnicket al, 2005), the
measurement errors and the used exposure parametpesticular curing time, that

were not optimised.

Also, Figure 3.7 shows the difference in percentagmveen the channels’ widths of
the imprints and the Ni shim produced with them. expected the tendency of the
features with bigger lateral dimensions and loweaspatios to replicate better was
observed again. With an average deviation of 1.5H%,Ni shim appears to be an

excellent replica of the NIL imprints.

The changes of the FWHM values for all channelsrafiach processing step are
shown in Figures 3.8a and 3.8b. In spite of the fhat there is a relatively big
difference between the size of the channels orR2R replica and the template it is
clear that the plotted lines are relatively patalience the difference of the respective
FWHM values for all channels is almost constanprapimately 300 and 500 nm for
the sub-micron and micron channels, respectivelyis Tshows a high level of
consistency in replicating the fused silica and Milasters, and also indicates very
good process compatibility between the componeafin@gogies in the process chain,

especially for the targeted length scale range.

The big deviation in the FWHM values of the R2Rliegpchannels and those of the
Ni shim can be explained with the use of embosgiagameters that were not
optimised, especially the embossing temperaturadthtion, the phenomenon known

as polymer relaxatiois expected to contribute to this (Koagal, 2006; Harsonet
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Figure 3.7 The percentage difference in imprintdess’ dimensions with regard to

the template and the Ni shim
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Figure 3.8 FWHM of the channels’ width, a) the snizron channels b) the micron

channels
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al., 2006). However, it is important to state that ttieviation can be minimised by
modifying the device models or by introducing measuto “freeze” the polymer
immediately after the thermal imprinting step. ®inthe main objective of this
research is to design and validate a process dbaia reliable fabrication of serial
replication tools incorporating the capabilitiestioé FIB technology, the optimisation

of the R2R process parameters is not discussdisiistudy.

The significant difference between the channelpeasratios on the Ni shim and on
the R2R replica — Figure 3.9 can be explained agaim the effects of the polymer

relaxation after the replication step and the ifisieht embossing temperature. It can
also be seen from Figure 3.9 that these effecth@meplica are strongly pronounced
for the features with higher aspect ratios. In ddj Figure 3.10 shows that the
difference in percentage between the widths ofctiennels on the shim and on the
R2R replica, and their respective heights are anties same, with only a 4%

average. This can be attributed to the fact that @le-moulding, the molecular chains
tend to regain their original shape, and thus tepkeonstant the volume of the
structures. Thus, the channel height decreasesrder do compensate for any

expansions in the XY plane.

3.4.2 Error factors

When different technologies are integrated intacpss chains the possible causes of
faults or errors at each stage of these chainddeutaken into account, and the total

error at the end should be analysed carefully. Tase®und judgement of whether and

how such errors could affect the outcome could bdemas well as an assessment of

the overall performance of a given process chatenms of cost and production time.
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Figure 3.9 Channels aspect ratio for the Ni shichthie R2R replica
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Figure 3.10 The percentage difference between R2ZRN\a shim features in vertical

and horizontal directions
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As discussed earlier in Section 2.1.5 generallypibssible sources of error for every
process can be associated with: the process, eqotpmhuman factor and
environment. Following this classification the pbss error factors for each of the
processes in the proposed process chain are suseshan Table 3.2. With the
presumption that the human factor can have an tetiecevery process it is not

considered separately for each stage.

It should also be noted that apart from the st&getinology-associated error factors,
the measurement errors could have a major influenche outcome and thus affect
the whole effectiveness of the process chain. Taerethe measurement uncertainty
should always be accounted for. The proceduredtarchination of the uncertainty of
the used measurement instruments, in this case S&Mescribed in details in

Appendix A. The uncertainty), of the FWHM values of the channels, was calcdlate

following an established procedure (Kirkup and ketn2006)U = ku,(x) , wherek

2
n
is a 95% confidence interval (Cl) coverage facto u. (x) = \/Z (g—fj u2(xi) is
i=1\ 0%

the combined standard uncertainty, which inclutesnheasurement uncertaint{P)
and x denotes the FWHM value. In this reseatgR) was calculated as 3% of the
measurand. Even though the calculations of the SHigertainty prove that the
instrument was very well calibrated and quite aataiat the time (with measurement
error of less than 1% for all tested magnificatien8ppendix A), the expected error
of the measuring instrument is in the range 1-3%vdpe correspondence with Carl
Zeiss). Thus, as a conservative judgement, a @386 was used when calculating
the measurement uncertaintfP). Table 3.3 shows the FWHM values of the channels

and the associated uncertainties, FWHM,#or all stages of the process chain,
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Table 3.2 Possible error factors at each stageeoptocess chain

Error
Factor
Chain
Processes

Process

Equipment

Environment

1. Use of translators ¢
any other programmes &
intermediate steps durin
the data preparation

=
[

1. Software capabilitie
aS

and limitations
g

Data Preparation 2. Generation and use pf /A
. different file formats and
2. The choice of o .
. their input into the
algorithms  and/  of
system
approaches
1. Resist properties with
regard to exposure:
. sensitivity 1. Positioning errors due
Photolithography « thickness, to manual alignment N/A
* resolution
2. Developer solution
3. Dry etching
1. CAM tolerance 1. Laser source
: : 2. Optics
Laser Ablation | 2- Substrate uniformity Temperature
3. Galvo scanner
4. Stage positioning
_ 1. Stage accuracy
1. Data preparation .
. 2. Beam condition Noise
2. Beam shift o
' » probe current Vibrations
FIB 3. Surface charging _
. . * beam focus, Magnetic
4. Material machining . _
stigma and field
response
wobble
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S-FIL

1. Template accuracy
2. Residual layer

thickness

1. Template and wafer

levelling

2. Stage accuracy Temperature

3. Overlay alignment Vibrations

accuracy

4. System levelling

Electroforming

1. Current density

2. Temperature

3. Applied waveforms
and frequencies

1. Master resistance to
the electrolyte
2. Master cleaning befor

(4%

electroforming

N/A
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Table 3.3 FWHM values of the channels and theietmamties for 95% CI

Template NIL imprint Ni shim R2R imprint
Target U U U U
Width FWHM [nm] | FWHM  [nm] | FWHM [nm] [ FWHM  [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 dclations is provided in Appendix

B.

Even though it is difficult to estimate the infliEnof different factors at the various
steps of the proposed process chain on its oyaedibrmance, the following ones are
considered to have the highest impact: the measmenmncertainty including the

system calibration and the human factor, the ogttion of the processing conditions
of different component technologies, and mateniapprties, especially the materials’

response to UV exposure and thermal curing.

3.5 Summary and conclusions

In this chapter a cost effective process chairfdbrication of Ni shims incorporating
different length scale features was proposed anidatad for R2R imprinting of
organic electronic devices. In the study, the cdpals of photolithography as a
micro structuring technology were combined withstf FIB milling to fabricate
templates incorporating sub-micron and nano featore top of pre-existing micro
structures. S-FIL process was employed for condistaultiplication of such
templates on 4” wafers in order to replicate rdliatifferent length scale features in
one step. The transfer of such polymer replicas Mit shims was also successfully
implemented resulting in relatively negligible davons from the targeted

dimensions.

The results of the research carried out in thiptdracan be summarised as follows:
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. The deviations of less than 5% in the targeted dsioms of the respective
2.5D features at the different steps of the procéssn indicate good process
compatibility of the selected manufacturing teclogods for the particular

length scale range.

Even though it is hard to estimate the effectsradrefactors at each stage of
the process chain and their possible influencet®wverall performance, the
careful selection of compatible and at the samee tiotomplementary

technologies can minimise the overall uncertainty.

. A successful implementation of the FIB technology & mean for high

precision structuring at sub-micrometer and naradesdevel in a master-

making process chain for serial production was destrated.

. The proposed fabrication route for fabrication af $iims incorporating a

wide range of micro and nano features can be ueedhifjh-throughput

fabrication of organic electronic devices on fld&ilsubstrates 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 chamegffective manufacturing platforms
for high-throughput fabrication are explored furthe regard to the production of
FLSI products incorporating complex three-dimenalofeatures. In addition, the
advantages the FIB technology offers in terms ofsBiDcturing at micro- and nano-
level and its compatibility with the other compoh&thnologies are investigated.

In this research, by adapting the process chairfdbricating replication masters,
discussed and validated in Chapter 3, Ni shimsawoimy 3D micro and nano
(submicron) structures were produced and then egragldor serial replication
through hot embossing. In addition to validatings tprocess chain as a potential
solution for serial production of components camitag complex 3D structures, the
research presented in this chapter aims at proWiagthe designed manufacturing
route is cost-effective for a large range of ‘icteangeable’ technologies, so long as

they are implemented in their optimal process wwnslo

4.2 Process chain design considerations

When there are specific requirements in terms oflpcing complex 3D patterns of
micron and submicron scales in the end producgrséissues related to the choice of
geometry and pattern generation should be accodateduring the design stage of

the manufacturing route. The following sub-sectidisguss these issues in detail.
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4.2.1 Selection of 3D functional structures

In many application areas like optics, optoeledterand biomedical industry, the
realisation of complex multiple 3D structures atraiand nano scales is a crucial
issue that poses further constraints in designimdy implementing successful FLSI
manufacturing solutions. Such applications usuedhyuire structures like lenses and
pyramids, having micron and/or nanometre dimensittnse produced as large arrays
rather than as single features i.e. structuredhsasf containing numerous 3D features
(Leeet al, 2006; Paivanrantat al, 2008; Yanet al, 2009). Usually, there are strict
technical requirements in regard to such arrays3ffeatures, e.g. geometrical
accuracy, aspect ratio (AR), positional and alignimgccuracy and field stitching,
which make the design and implementation of co$cafe solutions for their
manufacture even more difficult. A major issue iamafacturing 3D structures at
different scales in order to achieve FLSI arisesnfithe high uncertainties associated
with the achievable dimensional accuracy of theultiegy profiles, especially in
vertical direction (Lalewet al., 2008). Therefore, it is important to study theivas
factors affecting the process chains for 3D stmirotustarting from their designs and

then going through their implementation stages.

Arrays of pyramids are commonly utilised as fung#b features in various
application areas. The micro pyramids, as strustumeorporated into larger-scale
products find important applications in the fielfl electronics, e.qg. light emitting
diodes and liquid crystal displays (LCDs) (Chen &fiken, 2006) and optical systems
(Coquillat et al, 2008). They can also be utilised in micro-fluidlevices where
pyramid structures located on the bottom of a g60channel could facilitate and

speed up liquids’ mixing or act as traps for mi@atls (Toepke and Kenis, 2005).
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Other application areas are micro-optical deviced MOEMS where arrays of
pyramids are used to manipulate light in orderaserimprovements in the devices’
properties to be achieved. That is due to theingeoy that allows multiple refraction
and reflection of light, having the pyramids’ sidast like mirrors. Therefore it is
important that the sides have very good surfacghoess in the range from 3 to 5 nm

(rms) (Trupkeet al, 2006; Linet al, 1998).

Arrays of micro pyramids are also used to increidwee light extraction efficiency
(LEE) of light emitting diodes (LEDs) (Leet al, 2007) as well as to enhance the
brightness of LCDs (Leet al, 2006; Linet al, 2000). Especially, the pyramids in
these applications are employed to manipulate kghitted at them in three different
modes: direct and indirect recycle and effectivieation. For example, if placed on
the top of polymer films, pyramids’ sides refrandaeflect light so that it propagates
through several of them. As a result redirectind sadistribution of light occurs thus

increasing its intensity in the viewing angles +35°

4.2.2 Pattern generation

The patterning flexibility and sub-50 nm resolutitmat the Focused lon Beam
technology offers for 3D structuring are utilisedthis study. As discussed in detail in
Chapter 2, two main data preparation approachessaraly applied for FIB milling
of 3D patterns: the use of 1) bitmap data filesbftware built-in in the FIB systems
or 2) GDSII data files with the FIB milling procesging externally controlled by
conventional lithography software (Lalet al, 2008). While they both are layer-
based milling approaches in their essence, the GB&h files allow for a more

flexible and faster structuring. Furthermore, doi¢he fact that all layers are exposed
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as a single file thus eliminating the possibilifyeorors due to misalignment or mixed
exposure order of the layers, features with be#solution and profile accuracy are
usually obtained. Thus, since the aim of the stmirg) stage of a process chain is to
successfully produce arrays of high resolution &atdres, GDSII data files were

used for FIB milling in this research.

4.2.3 Process chain

The process chain for fabricating replication toadéidated in the previous chapter is
modified to fabricate Ni shims incorporating diet 2.5D and 3D length-scale
features. Usually for producing a structure or grattwith required dimensional
accuracy, surface roughness, production time etweral technologies can be
considered suitable, when applied in their optiprakcess windows. In order to show
that a wide range of such ‘interchangeable’ teabgies can be cost-effectively
implemented as component processes at varioussstdgiie manufacturing route,
several modifications were made to the processncttaidied in Chapter 3, as shown

in Figure 4.1.

The initial concept of the process chain is maigdi i.e. micron-sized area of
accurately structured high-resolution featureeicated on 4” wafers through UV-

NIL process, and then the structures imprintedrenvafers are transferred onto Ni
shims to be used as masters for serial replicattmwever, during the structuring

stage and the micro structuring stage, in particulae capabilities of laser direct
writing are employed to produce 2.5D micron-sizedttires. The laser technology
was preferred to photolithography as the structlesign selected for this research

had much smaller overall dimensions than the OTFChapter 3. This eliminated the
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Figure 4.1Technology steps of the selected process
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need of designing and producing an expensive masgkhas reduced the time needed
to complete the structuring step of the proposedcgss chain. Since the FIB
machining is the most suitable technology for pmdg accurately sub-micron and
nano-scale structures of complex 3D geometries small area, it was applied at the

nano-structuring stage of the proposed processchai

To validate the applicability of the fabricated neas for different serial replication
technologies, the produced Ni shims were utilisegrtoduce 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 dbaiserial production of complex
features of different length-scale dimensions ipicted in Figure 4.2. The structure
that was replicated consisted of 6 x 12 arrays ofed with diameters of
approximately 2Qum, depth of lum and around 1(0m spacing between them, and in
each of them arrays of 3D features was fabricaiéd 3D geometry selected for
patterning was a negative pyramid with a square b&2.2 x 2.@m and height of 0.5
um. 0.2um was added at each side of the pyramids’ basexa? gm to compensate
for some potential errors during the FIB milling thfe individual pyramids, like
overlapping or sudden beam drifts. The pyramidsewepduced in a 4x4 arrays, as

shown in Figure 4.3 a.
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Figure 4.2 Design of the selected test structures
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Figure 4.3 Crossectional profiles of the 3D structures on: a) fsed silice

template, b) the NIL imprinted replica of the teatgl, c) the shim fabricated from t

NIL imprint and d) the HE replica of thshim
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4.3.2 NIL template fabrication

The array of micro holes were machined employing?&220 excimer laser system
with the following characteristics: pulse duratiaé ns, wavelength 157 nm, pulse
energy 40 mJ, frequency 2 kHz, fluence 1.35 J/cni2demagnification optics 25X.
Then, a Carl-Zeiss XB 1540 FIB/SEM system was useproduce the 3D patterns.
The file containing the geometry data of a 2.2 X ®.0.5um negative pyramid was
directly utilised by a conventional lithography sedire and hardware to complete the
FIB milling operation. Raith lithography hardwanedaElphy Quantum software were

employed to control the FIB structuring externally.

An analytical model of the pyramid was used to geteethe GDSII file employing

the lonRevSim software (Svintsov et al., 2009). tAs software provides for both

layer-by-layer and area dose assignment modeyeel@sed approach was specified
with 100 layers for better profile accuracy andheigresolution. This model was
transferred to Elphy Quantum software where thglsinegative pyramid geometry
was multiplied into a 4x4 array of unique pyramidibat pattern was exposed with an
area dose, defined by setting up of the associatecessing parameters like dwell

time, dose factor and area step size. A 100 pAguooiorent was utilised.

The alignment of the pyramids in regard to the texgsmicro holes was carried out
by manually positioning the sample stage while @xsipg the sample in SEM or FIB
imaging modes. However, an automatic alignmentatao be realised by employing
the ‘feature recognition’ option available on thestem 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 lssawith the F2 laser and the FIB
system, an UV-NIL system, Imprio 55, was employedntultiply the template

topography on a 4” wafer with the S-FIL process$Rick et al., 2005). The UV
curable resist used to produce imprints on the waf@as MonomatTM (Lalev et al.,

2009).

Next, the S-FIL imprinted wafers were used to tfanthe structures on a Ni shim by
electroforming (Tang, 2008). To assure uniform aentihity a 20 nm gold coating

was applied. To fabricate the Ni shims a commemiattroforming system, Digital
Matrix SA/1m, was employed. The process settingsdu® carry out the electro-
chemical deposition were: electrolyte Nickel Sulfae) bath temperature %) head

rotation speed 30 rpm, pH 3.98, baume 37.8, cuensity 0.5A, waveform Spike
down/Ramp down, cycle time 10 ms. The shims weosvgrto a thickness of 100

pm.

4.3.4 Hot embossing

Finally, the Ni shim was validated as a stamp fot Bmbossing (HE) on the
HEX03Jenoptik Mikrotechnik system. The HE procesaswerformed with the
following process settings: force 25 kN, holdingnéi 60 s, temperature during
embossing 14, cooling down/demolding temperature °85 HE was used to

replicate the Ni shim on a small batch of a 5 picktPMMA sheets.

4.3.5 Inspection

SEM images (Carl-Zeiss XB 1540) of the micropyrashigirays were taken at each
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stage of the process chain. The cross-sectiondilgr@f the micropyramids were
analyzed with the built-in SmartSEM software. Theoss-sectional cuts were
performed with 50 pA probe current. To minimize theasurement error all images
were taken at the same magnification (11kX), 10kVTEand the same aperture. All
features on the sample were measured af &lBéllowing observation of the vertical
walls of the 3D structures. The tilt compensatiqutian of the SmartSEM software
enables measurement of the ‘true’ value of theicartdimensions. After calibration
with a reference sample, the measurement errdreoistrument in XY direction was
assessed to be in the range 1 to 3 %. SEM imag#seodlesign, taken after each

process stage, at a ‘tilt’ correction angle of,26e shown in Figure 4.3.

4.4 Discussion

An analysis of the resulting 3D structures at estdge of the process chain was
carried out in two steps: (1) analysis of the ktedimensions in the XY plane
followed by (2) a detailed investigation of the uki®ig depths/heights of the
structures along the z-axis. The resulting pyrahstape indications on the template,
the imprint, the shim and the HE replica shown iguFe 4.3 were analysed and the
obtained measurements are presented graphicallyigare 4.4. Eight arrays of

pyramids were measured and each measurement vwegead® times.

It is well known that the FIB technology producedremely accurate features in
terms of lateral dimensions (Lalev et al., 2008pwsdver, their depths/heights,
especially when milling 3D patterns, depend higbiy the selected exposure dose,
which in turn is specified through the combined uatipents of several FIB

processing parameters, such as dwell time, bearantiand number of layers
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(Velkova et al., 2011 b). In addition, factors likeeasurement errors and process

uncertainty could contribute further to the obtaimesults along the Z axis.

Table 4.1 presents the measured heights and wodithe pyramids, along with their
calculated tolerance ranges. The consecutive pysamithe row are denoted as P1,
P2, P3 and P4, respectively. The tolerance rangeaicth value in the table represents
the expanded uncertainty), which was determined, following an established
procedure (Kirkup and Frenkel, 2006), out of 9 e#pd measurements and includes
the uncertainty of the measuring instrumexP). To account for the worst-case
scenario the measurement uncertaunt{fP) of the SEM was considered to be 3% of
the measurands’ average value. The tolerance rdongdke target nominal values

were calculated to be 130 nm, or: 2.2 £ 0.130 pum.

4.4.1 Analysis of lateral dimensions in the XY plaa

The inspection of the template shows that the sidése produced pyramids deviate
on the average only 1.4 % from the specified @2 width. Even for the first two
pyramids in the row, which exhibited the maximunvidgon of 2%, those values
were within the calculated tolerance range of drgdt width of 2200 nm, and could

therefore be attributed to the measurement errtdreoinstrument.

The difference between the width of the pyramidstioa template and the NIL
imprints, in percentage, is shown in Figure 4.3z average difference is 2.9% and it
is within the expected range. However, it can lendbat while the middle pyramids,
the second and third, in the array appear to besraocurate imprints with just 1.9%

and 0% deviation, respectively, the first and trf pyramids deviate more, 5.3%
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Table 4.1 Pyramids’ dimensions at each stage gbtbeess chain

P1 P2 P3 P4
Width Depth Width Depth  Width Depth  Width Depth
[nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm]

FIB 2156+127 366.1+22 2156+127 356+21 2187+129 356+21 2217+130366.1+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 335120
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and 4.6%, respectively. These deviations from ¢neplate profile could be explained
with the resist shrinkage after the UV curing, whigas expected to be up to 3% for
Monomat" (Resnick et al, 2005), measurement errors, and the used exposure

parameters, in particular curing time, that wereopgimised.

The difference between the template and NIL impphafiles is not so significant but
some slight shifts to the left of both the based #me tips of the pyramids are
observed, which become most evident in the fortlaqyd in the row. However, the
sides of the pyramids on the imprint appear to dralfel to their corresponding ones
on the template indicating that there is a unifaffset in the pyramids’ shift and
therefore the overall symmetry of the 3D structsremaintained. Possible reasons for
the pyramids’ tips and edges to appear shiftinglgaly might be that the bottom left
edge of the first left pyramid was always used esf@rence to measure the individual
features in the arrays, and also because the nesasots were carried out always
from left to right and not randomly. Furthermorecan be seen from Table 4.1 that
the values for each of the pyramids on the NIL impare within the tolerance
intervals calculated for them. Therefore, this tshebuld be attributed to a

measurement error that adds up as follows:

= z (PTEMPLATE _ PIMPRINT) —
=(2156-2042 +(2156-2115 +(2187-2189 +(2217-2115 = 256nm

The accumulated total error of 256 nm is significand indicates that the ‘in-chain’
measurement strategy applied is not the most deitade. Therefore, by applying

another measurement strategy, such as measuringldige distances between the
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pyramids’ tips, this increasing offset could bergtiated.

Figure 4.5a also shows the percentage differenteelea the pyramids’ dimensions
on the NIL imprint and those on the shim. The défece for the first pyramid in the
row seems significant, approximately 4%. Howevbis difference is much smaller
when the shim is compared to the template: appratain 1.4%. Thus, it can be
concluded that the two deviations are in oppositections and they compensate each

other to some extent.

On the shim again some slight, even negligibleseiffo the left was observed for the
last two pyramids in the row. Since this offseturgform such a shift is most likely

due to a systematic error during the measuremantbe same time, the HE imprints

of the shim appear to be a very accurate replicghefshim with less than 1%

deviation in the XY planeAgain some systematic error is also present heregth 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 Fegud shows that the heights of the
pyramids on the FIB structured template are undérpOn instead of the 0.5 um
specified in the data file. In addition to the fasstmentioned in Section 2.2 that affect
the resulting accuracy in the z direction theresam@e others issues. In particular, the
FIB built-in software contains a module for caldilg the machining parameters
needed for achieving a targeted depth. It utilisesfficients related to the material
properties, such as milling rates and milling frexcies. However, the default values

of those coefficients, integrated in the FIB systam@ only for machining of silicon

110



(Si). Since the NIL process requires UV transpatemiplates, the material utilised to

produce the template is fused silica (8iQvhich is somewhat harder to machine than
Si. Hence, the resulting features’ depths tend dddss than expected. This issue
could be addressed by a systematic study of thenkBhinability of SiQ, followed

by a respective optimisation of the exposure patarseSuch a study is reported in

the next chapters of this research.

Figure 4.5b shows the difference, in percentageydsn the heights of the pyramids
on the template and its NIL imprints. With an awgraleviation of 1.7 % the S-FIL
process proves to be very accurate in replicatioghptex 3D features with
dimensions in the nanometre range. Again, as ittwasase for the XY plane, the
first and forth pyramids in the array (355.3nm &%d.2 nm, respectively) differ in
height significantly more than the central onesjclrappear to be almost identical
with only 0.2% difference each. In addition, a ca@mgon of the two graphs in
Figures 4.5a and 4.5b reveal that the NIL imprantg the Ni shim exhibit the same
behaviour in terms of pattern replication in botif glane and along the Z axis. Also,
with an average deviation of only 1.4% along thexs and 1.9 % in the XY plane,
the Ni shim is a very accurate replica of the Nihprint. Furthermore, as it can be
seen in Figure 4.4, the cross-sectional profilethef3D structures on the Ni shim and
the template almost overlap, which indicates a heglkel of consistency in replicating
the NIL fused silica template on the wafer emplgyihe S-FIL process. This can also
be seen by examining the SEM images of the NIL tate@nd the Ni shim in Figures

4.3a and 4.3c.

The difference in the respective features’ heigitshe shim and its HE imprint are
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given in Figure 4.6. As it can be judged from thsults, the use of the Ni shim as a
tool for 3D thermal replication is well justifiedsahe deviation of the functional
features on the end component is only within 5.708%the average in the vertical
direction. Even though these results are well wittiie technical requirements for
producing such functional structures further imgnoents can be achieved by

optimising the embossing parameters, especiallgthigossing temperature.

An analysis of the profiles of the correspondingaoyids on the template, the NIL
imprint, the Ni shim and HE replica in Figure 4cfearly reveals that they are parallel

to each other, indicating that:

* the pyramids’ tips were milled exactly on the lioesymmetry between the
horizontal edges of the pyramids, i.e. the targéfedyeometry was accurately
produced by FIB milling, and

* the tips remained in the centre of the respectiyemids throughout all
machining and replication steps of the processnchaihout compromising

the structure’s functional requirements.

The results demonstrate the capability of FIB mgliin combination with UV
imprinting and electroforming to produce replicatimols incorporating complex 3D
features and patterns. The process chain exploegsaptimum process windows, the
high resolution of FIB direct structuring with batie high throughput and accuracy
of the two replication technologies, to achievet@dfectively FLSI within a single

component.
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Even though it is difficult to estimate the effecisdifferent factors at the different
stages of the process chain on its overall perfoomathe following ones are regarded
as having the highest impact: the optimisation loé fprocessing conditions of
different component technologies, the material proes, in particular the materials’
response to UV and thermal processing, the pattemeration strategy for 3D

features implemented and the measurement uncgrtaint

4.5 Summary and conclusions

A cost effective route for 3D structures’ fabricati and for achieving FLSI in
products was proposed and validated in this chapteimtegrates innovatively
compatible and at the same time complementary tsning and replication
technologies, operating at their considered optinpuatessing windows, to fabricate
Ni shims incorporating different 2.5D and 3D lengitale features. A complex 3D
functional pattern was designed and generated axecutable data file by means of
specially developed software. Utilising the uniquadterning capabilities of the FIB
technology a UV template was structured and thepliceded on a larger area
employing the S-FIL process. The resulting NIL imps were utilised to produce a
Ni shim for serial replication. As a final steptime proposed fabrication route the Ni
shim was utilised as a master for hot embossingnadirray of micro pyramids. This
complex 3D functional structure was successfullyl aost-effectively replicated.
Thus, the proposed process chain can be consideveble manufacturing route for
achieving FLSI in existing and new emerging produaspecially for producing
components incorporating 2.5D and 3D features atraniand nano scale. In
particular, based on the analysis of the resulesaah stage of the process chain, the

following conclusions can be made:
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. The FIB milling technology with its capabilities rfdnigh resolution and
accurate structuring of complex 3D features cancbesidered a viable
component technology in process chains for achgeWwhSI into a single
component.

. The implementation of this technology in master mgkprocess chains is
well justified in applying its direct write capaibkés to complement other
structuring and replication processes.

. The investigated manufacturing route is characdnsith high flexibility that
enables the cost-effective integration of technie@®gwith complementary
capabilities to produce tools for different highrahghput replication
processes.

The measurement error could lead to a significaptact on the results in the
different stages of the process chain so it shalvcys be accounted for and

measurement strategies must carefully be consigerédpplied.
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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 microd aespecially nano-scale
manufacturing is of a major importance. Functidieakures like lenses and pyramids
find applications in the field of electronics (Lest al, 2008), optical systems
(Coquillat et al, 2008; Paivanrantat al., 2008) and micro-fluidic devices (Toepke

and Kenis, 2005; Seo and Lee, 2004).

3D functional features that satisfy specific tecahirequirements related to lateral
dimensions’ accuracy, symmetry and cross-sectigralfiles, can be obtained
employing Focused lon Beam (FIB) technology (Swwmtet al, 2009). This

technology offers many advantages with regard toiexable feature resolution,
flexibility, good surface quality and capability toachine a wide range of materials

(Svinsovet al.,2009; Fu, 2001; Velkovat al, 2010).

By employing a layer-based FIB machining it is polesto produce very precise
complex 3D features (Svintsoet al, 2009; Lalevet al, 2008). In particular, 3D

models of given functional features can be createdny CAD package and then,
following a sequence of data processing and trarmgferations, the 3D geometry is

converted into a stack of layers, 2D cross-sectiorgered along one of the main axes
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of the model. Then, after such a ‘slicing’ steg thodel is transferred into the GDSII
stream file format (Lalewet al, 2008). Each GDSII layer represents a 2D cross-
section of a feature at a given point along theirgy direction, usually the “z” axis.
The number of layers used to define a given 3Dcire can vary from several to few
thousand. However, the selected number of layeas isnportant process parameter
that affects directly the resolution of the prodiistructures, and also determines the
error associated with the approximation of a gi3&h geometry as a stack of 2D
layers. Though the layer-based method is a reliatdans for producing the desired
2D profile in the x-y plane, its accuracy in “z’réction is strongly dependant on the

selected FIB processing parameters.

To improve the accuracy of the 3D layer-based Filing process it is necessary to
identify processing windows and design machiningtegies for achieving a better
height/depth control. The aim of this researcloiddvelop a reliable methodology for
depth estimation in FIB machining. This is achievlebugh an investigation of the
layer thickness variations with regard to expospagameters in layer-based FIB
milling of 3D features. An uncertainty assessmentlso conducted to verify the

process accuracy in z-direction.

5.2 Research methodology

To achieve the objective of this research it isassary:

1) to investigate the interdependence between FIBgssoparameters and layer

thickness deviations for a given material and gdoyres well as their effects
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on the resulting structures, especially their fothickness/height,H, as

illustrated in Figure 5.1a, according to:

H=>h (5.01)

where:N_ is the number of layers amgis the thickness of thelayer;

2) to identify processing windows with acceptable tahee intervals in regard to
layer thickness variationsl, in particular to assess the process uncertamty i
achieving the targeted nominal valuehpfand ultimatelyH of a given 3D
feature, as illustrated in Figure 5.1 b;

3) to verify that it is possible i) to estimate acdeha the height,H, of 3D
features produced by layer-based FIB milling, ahtbi determine whethet

is within a pre-determined tolerance interval fajiwen processing window.

These three main aspects that constitute the pedpossearch methodology are

discussed in more details in the sub-sections helow

5.2.1 Effects of FIB process parameters on the layehickness and the total
feature thickness
When layer-based milling is applied, the relatiopsbetween the FIB process

parameters can be expressed as:

D, :%;[ﬁw\slcmz] (5.1)

whereDa is the area dosé—~ beam current [pA]ss — area step size [nm] ant@wer .

— area dwell time [ms}pweLLiS calculatedising the expression
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tDWELL = dt [ Fd [ NL (52)

whered; is the dwell time an# is the dose factor, usualy=1.
If N_ is set to 1, the area dose expression gives thesexe dose per laydd(), and

hence the total dose is distributed uniformly tlyloall layers:

D, :%;[Ms/cmz] (5.3)

S

Assuming that all layers have the same thickieks a given exposure setting, the
total height/deptiH of a feature will be the sum of the thicknessealbtonstituent

layers used to create it:

N
H=>h =N, Oh (5.4)

i=1

However, this statement is valid only if the effeft material re-deposition is not
taken into account or is considered to be negkgiBlks during FIB processing the re-
deposition is unavoidable, it can be expected ttatrelationship betweed andN_

will not be linear. Therefore, it is necessary tiady the interdependence between the
exposure dose aridand thus to determine whethecan be considered constant for a
given material and for the selected dose. This lmannvestigated by conducting
experiments where features are exposed with the Banbut differentN, is used to
produce them as illustrated in Figure 5.2. Prelanyriests indicate that the functional
dependence betweéhandN, is as shown in Figure 5.3. Thus, by conductingrées

of experiments wittN_ from the liner part of the graph, for differentalpe currents at
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the sameD,, h of individual layers can be calculated througleipblation, andhen

compared.

Based on the outcome of such an experimental sthdyeffects of the re-deposition
phenomenon on the resulting feature height canuakesl. Especially, it is possible to
investigate howH of a given structure would be affected by keepldg constant

while changing\, as shown in Figure 5.4.

5.2.2 Process uncertainty
To verify the value oh obtained for a given layer and determine the &wlee range
within which h falls, i.e. the acceptable deviationtdfom a given nominal value, the

process uncertainty has to be studied.

The layer thicknesdy, resulting at given process settings can be détednas the
gradient in a regression fit of the linear partloé H to N_ relationship (Figure 5.3).
An existing methodology for calculating uncertaimya regression fit gradient can be
utilised to determine the uncertainty associatetth tyi (Kirkup, 1994). Also, as ali
measurements are taken at the same SEM magnificatan be assumed that the
standard uncertainty in height measurements istaonsHence, the formula for

calculating the combined standard uncertainty is:

u, =\/Z[%j u®(x;) (5.5)

wherex; is hjin the context of this research, ahds the equation can be represented

122



Depth
\\

|
|
|
|
,L
Linear

Mumber of Layers
Fegion

Figure 5.3 The generic relationship betwéeandN,

123



Exposure with Constant Area Dose (AD = const.)

Total Depth

NL=2 NL=5§ NL=10

Figure 5.4Determination of r-deposition effects at a constant area dose diséabin

differentN_

124



as:

1

u(H).n?
l )
2

NG - (N

u,(h) = (5.6)

whereNy; represents the different valuesNyf utilised in the experimentas,is the

number of observed valueand

u(H) {L(Z(Hi —hiNL)z)} (5.7)

N~

whereH; is the total thickness for thiegh N_ value.
Taking the obtainet; values from the regression fits for edah the thickness value,
h, for a given doselj) can be obtained as the mean value:
n
_2h

h= i=1
" ,[nm (5.8)

The uncertainty associated with the calculdtésithe so-called expanded uncertainty,

U, or the value oh can be expressed as:

h=hzU,[nni (5.9)

The expanded uncertainty can be determined fovengtonfidence interval (CI) as

follows:

U =ku,(h),[nm, (5.10)

where:k is a coverage factor at certain confidence levelfven degrees of freedom
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Ve » Usually for Cl of 95%. Then, the effective degre¢ freedom can be determined

employing the Welch-Satterthwaite formula (KirkupdaFrenkel, 2006):

S ()
eff ici4u4(h) (5_11)

-1V

where ¢ is a sensitivity coefficient,y, =n-1 for Type A uncertainty or

1
v, ==

-2
: z(w) for Type B uncertainty, With@ defined as proportional
u u

uncertainty in the Type B-evaluated uncertaiotyand

u,(h) =J2(%j u(h) (5.12)

i=1

is the combined standard uncertainty, which inciuithe standard uncertainty bf

(5.13)

and the measurement uncertaia(i), or

u?(h) = u?(h) + u?(P) (5.14)

whereu(P) is taken as 3% of the measurand.
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5.2.3 Verification procedure

To verify the proposed methodology for feature tegdtimation, FIB milling of 3D
test structures can be performed by varyihg The two different approaches for
generation of 3D models discussed in Section 5.0e vepplied. In the first case
(Lalev et al, 2008), the model was sliced in 61 layers, theimam allowed by the
Elphy Quantum lithography software while in the @®t one (Svintsoet 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 wwployed to carry out the
work required according to Section 5.2, especisdlyconduct the necessary layer-
based FIB milling and then characterisation of greduced test features. Raith
lithography hardware and software (Elphy Quanturajeautilised to control the FIB

patterning externally.

To inspect the features’ depth, FIB cross-sectionéd with 50pA beam current were
made and the depth profile was analyzed with tkegnated SEM and its SmartSEM
software. The vertical walls of all samples weraged at 36 degree tilt and also to
obtain correct measurements, the “tilt compensatioption of the SmartSEM

software was applied. To minimise the measuremantr @ll measurements were
taken at the same magnification, and 10 kV elecheam energy. All experiments

were carried out on a single crystal Si <100> wafer

5.3.1 Interdependence between layer thickness angp®sure dose

Two test features, rectangular trenches, referedst F1 and F2 hereafter, with
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dimensions 1 x 2 x 0.m and 1 x 2 x 0.2um, respectively, were designed to
investigate the resulting layer thickness after RiBling. By utilising the approach
described in (Lalewet al, 2008) the CAD models were ‘sliced’ into stackdayfers.

In particular, data files with differenN. were created, starting withl =5 and
increasing toN =60 with an increment of 5. Each file was then use&xpose a
silicon workpiece with the sanig under the same processing conditions. To kxep
the same when exposing with different beam currehteas adjusted according to
Equation 5.1. Since the experiments were performéth three beam currents,
namely 50 pA, 200 pA and 2 nAl; was set to 0.1 ms, 0.025 ms and 0.0025 ms,

respectively. WithH-4 of 1 andSs of 10 nm,D, becomes:

_ 5010° 00AM0° [
DL - _7\2
107 0107}

=500 pAs/ cnt

5.3.2 Interdependence between total thickness andimber of layers

To be able to estimate the depth of a given stractil is necessary to study the
change in its total thickness &k increases. Therefore series of experiments were
conducted adopting the exposure strategy in Figu2e Several differenD. were
selected, aiming at determining interdependencéweesm H and N. and drawing
conclusions about the accuracy of the layer-bas$Bdrilling process. To have some
consistency with the previous experiments and asth& comparability of the results,
the first area dose per layd®, 1, was selected to be the same as in Section 563.1 i
5x10° pAs/cnf. With regard to exposure time/production efficigribe other doses

were set to 50 % and 20 % of tiids as follows:
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D,1=5x10’ uAs/ cnt,
D, 2= 25x10° As/ cnt,
D, 3=1x10’tAs/ cnt

The same three different FIB beam currents, 50208, pA and 2 nA, were applied in
this experimental run, witkl; being adjusted again to keep the area dose per lay
constant. Similar to the set of experiments, descrin Section 5.3.F4 was 1 andss

- 10 nm. The first exposure in these experiments paformed withN, varying from

2 to0 100, applying increment of 2 for layers 2 @ahd increment of 5 for layers 45 to

100.

To carry out a proper statistical analysis of théamed results, each experiment was
repeated three times under the same working conditiHowever, to reduce the
number of experimental runs required, the numbéaysdrs 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 applfer producing complex 3D
structures, a square concave pyramid with a 2umzbase and convex one with the
same dimensions but placed in a 4 xu# trench were selected as models for
conducting this investigation. Models of the twatt@D features are depicted in
Figure 5.5 a and b. The data file of the concavapid was created by applying the
CAD-CAM approach (Lalewt al., 2008) while the convex one was generated using
the lonRevSim software (Svints@t al, 2009). Beam current of 50pA was used to
mill all features, except for the deepest converapyd, which was produced with
200 pA. To maintain the desirdd| , d; was set to 0.02 ms, 0.05 ms and 0.1 ms for
=50 pA, respectively and 0.025 ms fg200 pA.
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Figure 5.5 Models of the 3D test features’ desanconcave 2xam square pyramid

and b) convex 2xgm square pyramid placed into a 4x4h trench
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5.4 Results and discussions

5.4.1 Interdependence between layer thickness angp®sure dose

The cross-sections of the milled structures, asvehia Figure 5.6, were analysed to
determine the features’ depths. Figure 5.7 show®otof the obtained depths as a
function of N_ for the three beam currents selected in this stlidyan be seen that

of the structures increases linearly with the iase2ofN,. The slight deviations from
linearity could be attributed to the human factorconducting the measurements. If

linear dependence betwedlh andH is defined asl =a+bN_, anda=0as H is 0

for N_equal to O whildé is h, the equation becomes:

H=N_*h. (5.15)

After applying a regression fit, thevalues corresponding to each of the experimental
settings were calculated. Also, the médior eachl and the whole set of experiments

were calculated for Cl of 95% as shown in Figui 5.

The h values for eacl and their respective uncertainties are providedahle 5.1.
The mearh for the three currents, 50 pA, 200 pA and 2 nAgpproximately 17 nm.
The meanrh obtained at of 200 pA differs from the other two with approxately
6%. This could be attributed to measurement unicgéytaand also some machine
related factors such as the calibration accuraay le@am focussing. However, the
data analysis performed at Cl of 95% shows verydgepeatability when the same

Da is applied at differenit

Also, experiments were conducted to investigateehdeposition effects on the layer
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Table 5.1 h of test features milled with different

Test Feature 50 pA 200 pA 2nA
F1 17.7 (x 0.9) nm 16.2 (x0.5) nm 1881(5) nm
F2 17.6 (= 1.0) nm 16.0 (x0.5) nm 17.6 (x1.6) nm
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thickness. FirstDa for two selected feature depths of 500nm and 260 was
determined. The targeted depth of 500 nm was aetiafter milling of 30 layers, i.e.

H =N, Oh=30017=510nm, while 250 nm at 15 layers,

H =N, Oh=15117=255wm, as shown in Figure 5.9 a) and b), respectivéy. is

then:

DS = D, [N,=5010° 030=150(1.0°| pAs/ cn?]

D2 = D, ON, =50010° (15= 750010°| A/ cnf

As D, is of a particular interest in these experimemis Id, is predefined, the only
parameter that can be adjusted to compensate foclamges i\, is d. Its value
was adjusted for the different exposures so Byaremained constant at all times.
Figure 5.10 shows for the test feature as a function Mf for each of the selected
three beam currents. The solid line representsatyetednh, the ideal case when the
re-deposition effect is not taken into account.itAwas expected, whebBa was not
distributed into a sufficientN. the resultingh is less than the targeted one. By
increasingN, the actuah is getting closer to the targeted one and eveytuabove
certainN, the two coincide. The results obtained for bathtdires but especially for
F2 in Figure 5.10 a) and b) show clearly that thaleposition effect is stronger at
lower I. This is due to the increase of dpplied to maintairD, the same. The
analysis of the re-deposition patterns at diffetestiows that it is possible to optimise
the FIB milling parameters so that, for a giVer, the effects of the re-deposition to
be minimised by selecting a highemhich will also lead to a shorter machining time.
However, for both test features it was observed tha re-deposition could be

considered negligible above a certbinfor all I. It can also be seen in Figure 5.10
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200 nm

Figure 5.6 Crossectional profiles of test structures F1 and F2ediith 50 pA- a)

and d), 200pA ) and e), and 2n~ c) and f), andN_ =5, respectivel’
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that for any giverDa there is always a value of i.e. critical layer thickness, below
which the re-deposition can be considered negkgiblor the Si samples used to
conduct this empirical study the critical layerckmess is approximately 33 nmt

of 150*10° pAs/cnt and around 19 nm &t of 75*10° pAs/cnt.

5.4.2 Interdependence between total thickness andimber of layers

The results from the experiments discussed in SHadlv that there is a tight margin
between the calculated layer thickness andhthelue at which the re-deposition
cannot be considered negligible anymore. Therefomaore detailed investigation is
necessary in order to determine more preciselywéhge ofh for a givenD,. Figures
5.11 and 5.12 depict the cross-sectional profifethe trenches milled with different
N_ andl, and the interdependence betwétand N, for the three differend, at the
three currents utilised in this research, respeltivAfter performing regression fits
the resultingh for eachD, were obtained using Equation 5.15 and their medines

were calculated for 95 % CI, based on the resuti® three runs carried out for each

D.. Figure 5.13 represents tfe values obtained with of 50 pA, 200 pA and 2 nA
together with the total mean value tofor all currentsat eachD.. The results from
the experiments confirm thatis almost the same for the three different cusrant
each of the three investigatBd. Also, the results suggest thmais proportional to the
appliedD, which could be used in selectibyg for producing structures with a given

depth.

5.4.3 Process uncertainty

The uncertainty in achieving a givéris calculated following the statistical approach

outlined in Section 5.2.2. For the three differBps, h and the uncertainties
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Figure 5.8 Meath for CI of 95%
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u(h),u(P) and u,(h) were obtained as follows:

D, 1:h=156nm, u(h) = 017nm, u(P) = 047nm and u_(h) = 05nm
D, 2: h=79nm, u(h) = 011nm, u(P) = 024nm andu_(h) = 026nm

D, 3:h=3nm, u(h) = 009nm, u(P) = 009nm and u_(h) = 0131m

It should be noted that is 9, as the experiments for the three doses perfermed
three times for the three different probe curremtse effective degrees of freedom,

their respective coverage factd&rat Cl of 95% and the expanded uncertaintiefer

these three doses were calculated:

D.1: v, ~620 = k=198 andU = ku,(h) =198x05=1nm
DL 2: vy ~200 <= k=198 andU = ku,(h) =198x026= 05nm

DL 3: v, ~35=30 = k= 204 andU = ku,(h) = 204x013= 03nm

Sinceh=h=U , the values ofi for the three doses are:

hy , =156+ 10nm
hy, , =79+ 05nm

hy, s =30+ 03nm

Respectively, the uncertainty df based on the first two sets of experiments,
performed to investigate the interdependence betweand exposure dose for test

features F1 and F2, is obtained as:
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2pm

Figure 5.11 Crossectional pofiles of test trenches milled Witkﬁ@) pA, b) 200 pA
and c) 2 nA
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U = ku,(h) = 202x064= 129nm

wheren = 6 as the experiments were performed for two slasehree different and

V. =n-1=6-1=5. Thenh, the standard uncertainty oh, measurement

uncertainty and the combined standard uncertaingyewcalculated:h =17.2nm,
u(h) = 0375m, u(P) = 052nm and u,(h) = 064nm, yielding
Vs ~42= 40 -~ k= 202. Based on Equation 5.8 and using a rounded vélue, o

h=17+1.3nm.

For the experiments conducted at the three dogshtend its uncertainty are lower

in magnitude because the bigger sample size allsM® determine more precisely

both h and their tolerance intervals.

5.4.4 FIB milling of 3D features

Having determined the uncertainty associated Wwitbr each dose, it is important to
validate the results. Especially, it is necessarydrify that the deviation from the
targeted total depth of the 61-layers’ and 1004iglypyramids is in the range of
+61*U and £1008 [nm], respectively. Figure 5.14 and Figure 5.16vghhe cross

sectional profiles of the milled 3D structures. TdadculatedH of the features and the
expected deviations df, together with the measured actthlare provided below.

Also, the deviation of the actual from the estindatalue ofH in percentage is

calculated.
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Concave pyramids

D, 3 (Figure 5.14a): calculatdd-183 + 18.3nm; actual-178.7nm; deviation - 2.4%.
D, 2 (Figure 5.14b): calculatdd-481.9 + 30.5nm; actu&l-472.1nm; deviation - 2%.
D, 1 (Figure 5.14 c): calculated-951.6 + 61nm; actud-902.9nm; deviation - 5%.
Convex pyramids

D, 3 (Figure 5.15 a): calculaté#t300 + 30nm; actudH - 307.8nm; deviation - 2.6 %
D, 2 (Figure 5.15 b): calculatdd-790 £ 50 nm; actudl - 766.5 nm; deviation - 3 %.

D, 1 (Figure 5.15 c): calculatéd-1560 + 100nm; actudi-1489nm; deviation-4.6 %.

It can be seen that the actihbf all features are within the estimated range thed
deviations are within 2 to 5%. As can be expectsl deeper structures, i.e. the
structures with biggen and also those milled with higher doses, tendetaate more
from the estimated values. However, an incread¢ t#ads to a better resolution.

In addition, the analysis of the produced 3D fesgurevealed that even though two
different approaches were utilised to generate dhta for the layer-based FIB
machining, the features’ actull was well within the estimated variations from the
nominal values, and also the features exhibitedlairpatterns in terms of deviation
from the targetedH. This demonstrates the viability of the layer-luth§@B milling
methods and also that it is possible to assesgaebty the uncertainty associated

with the process.

5.4.5 Generic methodology for depth estimation irayer-based FIB milling
Based on the conducted empirical study, the folgwgeneric methodology is
proposed for optimising the layer-based FIB milliteghnology when processing

different materials, especially to be able to eataraccurately the layer thickness and
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Mag 2900 K X 200 nm
MEC, Cardiff

Mag = 25.00 KX 200 nm
MEC, Cardiff | i

Mag = 2500 K X 200 nm
MEC, Cardiff |

Figure 5.14Concave square pyramids with 2xéh base produced by FIB milling

61 layers with ap, 3, b)D, 2 and cD, 1.
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Figure 5.15Convex square pyramids with 2yPh base in 4x4m trenches, produce
by FIB milling of 100 layers with eD, 3 withH = 307.8 nm; bp, 2 withH = 766.5

nm and cD. 1 withH = 1489 nir
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height/depth of complex 3D structures:

1. The (individual) layer thickness for simple 2.5Dogeetry is established as
a function of the selected FIB process paramefdrs. layer thickness is
determined as the gradient in a regression fitthier linear part of a total
thickness / number of layers plot.

2. The tolerance intervals related to the thickness sihgle layer and a stack
of layers are calculated and assessed employingppeach described in
Section 5.2.2.

3. Milling of test 3D features applying the selectedqess parameters is used

to verify the calculated thickness values and $etkdoses.

Such a generic approach can be applied as a sandlsystematic way for designing
the process, especially finding its optimum processvindows, i.e. number of layers

and area doses, when producing complex 3D strichyréayer-based FIB milling.

5.5 Summary and conclusions

To improve the 3D layer-based FIB milling process necessary to identify the best
processing windows and design appropriate machisiregegies in order to achieve
the targeted accuracy, particularly in “z” directifp.e. height/depth). For that reason,
in this chapter of the thesis a methodology fortdegstimation in FIB machining was
developed and validated. The layer thickness vanatwere investigated with regard
to exposure parameters in layer-based FIB millih§o features. The methodology
was verified by FIB machining of functional 3D faegs, which depths/heights fall
within predetermined tolerance intervals. The ressdémonstrate the viability of this

approach. In particular, the validation study showmeat depths/heights deviations of
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complex 3D structures were well within the estirdatealues. Several main

conclusions are drawn based on the carried ouaresen particular:

1. The layer thicknes#y, and its tolerance interval are proportional ®bh applied.
The total depth/heightH, increases linearly when the number of layé\s,
increases to a certain point where re-depositiom ma longer be considered
negligible. The effects of re-deposition are stemigr D, exposures with lowdr
and higher dwell time. However, they can be mingdiby exposing given area

dose with higher number of layers.

2. The achievedHs when milling 3D features were within the estindatange and
their deviations were only 2 to 5%. Also, the deegieuctures, i.e. the structures
with biggerh and as well as those milled with higher dosesjades¢t more from
the estimated values. The FIB machining of 3D fesstucarried out to validate
the methodology, supported again the observatianriiling with higher number

of layers should be used to produce features wittetier resolution.

3. The proposed generic methodology can be appliedsasple and systematic way
for finding optimum processing windows, i.e. numbétayers and area exposure
doses, when producing complex 3D structures byriagsed FIB milling. It
represents an important step in broadening theotigleis 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 FliBhghas a component technology,
the structuring with FIB is usually carried out &n wafers (Velkovaet al, 2010;
Scholz et al, 2009). As the fracture toughness and fatiguengthe of Si is not
sufficient to utilise it directly for producing répation masters, the patterns of the
wafers have to be transferred into another maténetl is more appropriate for high
throughput serial manufacture. To realise such epatttransfers several other
processing technologies have to be employed, whibils up more steps in the
process chains and thus increases the cost andtaintes associated with the end
products. This undesirable increase of manufagucmmplexity can be avoided by
performing direct FIB structuring of the masteroow¢ver, to create the necessary
prerequisites for such direct FIB machining, iessential to investigate the material
response of various tooling materials to ion beguittering in order to be able to

produce accurately the targeted 3D structures.

The machining response of materials is very importar the successful integration
of micro and nano structuring technologies like Fiflling, laser ablation and

photolithography (Velkovat al, 2010; Dimovet al, 2006; Velkoveet al, 2011 a)

150



into cost-effective master making process chainserdfore, the search for and
implementation of a wider range of materials prowesbe increasingly viable
(Stanishevsky, 2001). Especially, the use and gsicg of amorphous alloys have
attracted considerable interest due to their sapegproperties for a number of
applications (Inoue, 2000; Zhawg al, 2006). Properties like high hardness, fracture
toughness and fatigue strength make those mateapal®priate for manufacturing of
micro-electro-mechanical systems (MEMS) and mi@oser systems (X. Wangt
al., 2007). Additionally, due to their homogeneous nostructure, lacking lattice
defects and grain boundary (Kawasegial, 2006), they are considered promising
tooling materials for micro and nano- structurimgl aeplication. Therefore, it is of a
major importance that their non-crystalline micrasture is maintained during
machining, especially when producing component®rpmrating micro and nano
features (Quintanat al, 2009; Minevet al, 2010). Studies on FIB milling of
amorphous and polycrystalline Ni-alloys showed th&igher surface integrity could
be achieved in the amorphous material under id@nimcessing conditions (et al,
2007). Thus, the FIB technology can be used asansfor structuring amorphous
alloys at sub-micrometer and nano- scales. Howeteerapply this technology
successfully it is necessary to investigate thegss-material interactions in order to
be able to produce structures accurately at theakess especially in the vertical
direction. In this context, the research in thisamter develops further the
methodology for depth estimation in FIB milling pemted in Chapter 5, and

implements it to minimise uncertainty in structgyidifferent amorphous materials.

The mainobjective of the research reported in this chapter is to inbtaaterial

milling’ coefficients for several commercially alatle amorphous and single crystal
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materials that would relate their machining respomsachinability, to a benchmark
material. This would facilitate not only the estioa of a feature’'s total depth
obtained for a certain material with a given sepadcess parameters, but also, and
most importantly, the production time necessarydbtaining the targeted depth in
the selected material. Those coefficients are tddyeved with regard to silicon as a
benchmark material. The fact that Si <100> is tlesthtommonly used material in
microelectronics, and is therefore usually giveraakefault material in the databases
of parameters calculation modules of the FIB, EB ather lithography machines,

justifies its selection as a benchmark in this aese

6.2 Theoretical background

6.2.1 Milling rates

The material properties of the workpiece are a temyor affecting the machining
results and process predictability in FIB millinhe primary parameter affecting the
depth of the machined structures and their accumadihe direction normal to the
machined surface is the sputtering rate/yield efékposed material (Catalaabal,
2006; Tseng, 2004, Kirat al, 2007 a). However, even if its exact value is kndhe
milled depth usually differs from the estimated omee to effects such as ion
implantation and re-deposition of sputtered makeAkbso, it is important to note that
the modules for milling depth calculations of comoigly available FIB pattern
generators use Si as a default material. Howeweir databases can include the

milling rates for other materials, provided thagyrare known.

In general, the milling rates account for the sty rate and the effects mentioned

above, therefore being very difficult to derive aately. To avoid complex
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calculations and minimise the errors in specifythg applicable milling rates for
other materials, especially alloys, those millirajes can be expressed in terms of
another one already stored in the FIB databaseas.@ percentage of the Si milling
rate. This would provide a much simpler and atsame time very effective depth
estimation approach for FIB milling of different teaals. This can be realised by

relating the milling rates of other materials tattlof Si through the use of a material

specific constant(; , as follows:

MRy, =C; MR (6.1)
where MRy, is the milling rate of a given material and MR the milling rate of Si.

The layer-based methodology that was developechapt@r 5 for estimating the total

depth, H, of FIB milled structures will be used to find empally C, for the

materials considered in this research.
6.2.2 Materials’ constants

The relationship between the total depthand the individual layer thicknegds,for

any materialM, can be expressed as:

Hy =hy ON, (6.2)

whereN_ is the number of layer$)y andhy are the total depth and layer thickness

for the given material (Lalegt al, 2008), respectively. For Si the equation becomes:

He =hg LN, (6.2.1)
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In order to expressly relative to Si, and taking into account tiNitis the same for

all materials in this study, equation (6.1) carekpressed as follows:

h
Hy =h—M_HSi (6.3)

Si

Differentiating equation (6.3) over timg, would provide the relative milling speed

(relative milling rate) for a given materiks:

0H, _hy 0Hg,
ot hy ot

(6.4)

Since the milling rates, usually expressedimjuAs], are inversely proportional to
the time [s] it can be stated that the time necgssamill a given depttH into a

material M will be hs/hy times the time needed to achieve the same dep#i.in
Therefore, the introduction of a material const@nt=h,, /hg, for other materials in
relation to Si would facilitate the accurate dep#iculation for these materials. Also,

the inverse value of this consta@t =1/C, =hg/h,, would allow for the estimation

of the total milling time.

However, it is important to stress that this apphoaan be applied only under the
assumption that the linear part of the functionepehdence betwedn and N, is
considered, where the effects of the material gdiéion phenomenon are regarded

as negligible (Velkovat al, 2011 b).

154



6.2.3 Simulation and modelling

To verify the constants obtained for the invesedataterials a series of simulations
were carried out. Simulation software specially eleped for FIB (Svintsowet al,
2009) and multi-ion beam (Zaitsest al, 2009) applications, lonRevSim, was
employed to account for some FIB milling specififeets such as the angular-
dependency of the sputtering rate. The softwareetsatie FIB sputtering process as
an isotropic local etching (Svints@t al, 2009; Zaitse\et al, 2009). This modelling
approach allows a variety of FIB milling parametstgh as sputtering sensitivity
(sputtering rate), number and shape of strata dqyexposure step size, dwell time
and beam diameter to be taken into account whenlaimg the 3D ion sputtering

process.

6.2.4 Materials’ response to FIB milling

As discussed in Chapter 2, in FIB processing thecsiral state of the material is of
high importance. For example, polycrystalline mater exhibit significant grain
anisotropy leading to non-uniform ion etching anatenial re-deposition. At the same
time this phenomenon is not observed in mono-diystamaterials such as Si and

alumina which are utilised for electron and iont@ating.

Unlike crystalline materials the amorphous ones, leulk metallic glasses (BMG), do
not have a long-range atomic ordering. That is¢lason for their identical machining

response, irrespective of the incidence directioih® particle beam.

For metallic glasses with high metalloid concembratthe electronic transport is

dominated by s-like nearly free electrons, resgltim dramatic changes of
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transportation properties of these alloys compé#oetieir crystalline counterparts (Li
et al, 2007; Ivkovet al, 1989). Thus, in amorphous metals, the energypdissn
during the ion exposure is minimised, leading toiramrease in the sputtering yield.
Furthermore, a higher surface integrity of the nva&th micro and nano-structures can
be achieved in the non-crystalline materials besaighe absence of any crystalline

defects.

6.3 Experimental set up

A Carl-Zeiss XB 1540 FIB/SEM cross-beam system wmaployed to carry out the
FIB milling experiments with Gaions, and then to characterise the produced test
structures. Raith lithography hardware and softwahghy Quantum, were utilised to
control the FIB patterning externally. To inspdut epth of the machined features,
FIB cross-sectional cuts with 50 pA beam currentemmade and the depth was
measured with the integrated SEM and its SmartS&ftlvare. The vertical walls of
all samples were imaged at 36 degree tilt and &atsoptain correct measurements,
the “tilt compensation” option of the SmartSEM saite was utilised. After a
calibration with a reference sample applying thel-Zaiss standard procedure, the
measurement error of the instrument in XY directias calculated to be in the range
1 to 3 %. Six commercially available amorphous mal® were investigated: Cobalt
(Co) — Cao(SiB)sMns(MoFe), in as received amorphous state and after ex@osiv
treatment (Co*), Iron (Fe) — EfB13.55i35C,, Nickel (Ni) — NizgB14Sis, Titanium BMG

- TigZro4CogNi1sBey, Quartz (fused silica - SE) and also single-crystals Si <100>
and Alumina A}Os. Except for the Ti alloy that was obtained fronguidmetaf
Technologies USA, the rest were commercially awéglamaterials supplied by

Goodfellow Ltd. The composition, designation, stasal state and some relevant
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properties of these materials are summarised iteTafb.

6.3.1 Layer thickness

A square pocket with a 3x3 um base was used ast streicture to determine the
layer thickness of the selected materials. Follgwithe layer depth estimation
methodology, FIB milling was carried out by applyia constant area dose per layer
(DL) while increasing the number of layeld . To minimise the effects of stochastic

factors in calculating thie values three differed s were used, namely:

D, 1=2[10° pAs/ cn?
D, 2=4[10° uAs/ cm?
D, 3=6[110° zAs/ cn?

The number of layers utilised in the consecutivposxres was as followsl, = 20,

40, 60, 80, 100, 120 and 150 while the area step a&id the dose factor parameters
were kept constant at 10 nm and 1, respectiveli. @am current was used during
the FIB milling and the dwell time was adjusted0t001 ms forD 1, 0.002 ms for
D2 and 0.003ms foD, 3, respectively, to account for the differédts during the
experiment. To analyse statistically the obtaineslits, the exposures were repeated

three times for each material under the same wgrgimditions.

The verification of the calculatett that is necessary according to the applied

methodology, requires complex 3D features to behmad and their measured

height/depthH, to be compared to the estimated okkg,=hLCN, £U, whereU is

the tolerance interval. To conduct this experimlevgéfication, a convex square
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Table 6.1 Composition and properties of the ingas&d materials (Callister, 2003)

Mismatch
between the
Short atoms T
Material designation  Structure  (molecules) of a [Ogl]
given material
and Ga
Al,O3 Al,O5 single crystal 1.46 2072
Fe&31B13.5Si3.5Co Fe amorphous 0.80 1538
amorphous
C0;70(SiB),sMns(MoFe), Co explosive 0.84 1495
treatment
TigZr24C016Ni1sBey Ti amorphous 0.68 1668
Corg(SiB)2sMns(MoFe), Co amorphous 0.84 1495
Ni-gB14Sig Ni amorphous 0.84 1455
Quartz (SiQ) SiO; amorphous 0.86 1650
Si <100> Si single crystal 0.40 1410

@ Mismatch between the atoms (molecules) is caledldby dividing Atomic
(molecular) mass of the target material, e.g. CoyAlby the Ga (ion beam material)

atom massTm-— melting temperature.
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pyramid with a 2x2 pum base placed in a 4x4um sgpacket (Figure 6.1) was milled

in each material, applying the three differ€as. The data file necessary to machine
these pyramids was generated employing the lonRes®iftware (Zaitsewet al,
2009) and implemented applyiig =100 and area step size of 10nm. The currents
used in these trials were 50 pA and 200 pA withlttimes adjusted accordingly to

maintain the desireD, .

6.3.2 Materials’ constants

To verify the obtained material constants for tlhensidered materials series of
simulation studies were performed employing thagiteand simulation modules of
the lonRevSim software (Svintse¥ al, 2009; Zaitseet al, 2009). The 3D structure
that was used to conduct these studies was definksing the lonRevSim design
module. Then, the exposure data as a set of layenes transferred into GDSII format
for a direct use as an input to the Elphy Quantwfiwvare. The layers were

automatically ordered for machining the targetedt@® structure.

The simulations were performed using the followipgocessing conditions:
stratification mode, bottom-top exposure approaShkintsov et al, 2009), beam
current 2 nA and 200 pA, dwell time 0.001 ms an@lOms, area step size 10 nm,
number of strata =100, i.e. an exposure of 100ré&ayeth D 1. The sensitivity
coefficients,Rs, used for the different materials are: 2400 [sA]cfor SiO,, 2000
[sA/cm?] for Si, 1650 [sA/cr for cobalt, 1470 [sA/cri for iron, 1820 [sA/cr for

Ni, 1680 [sA/cri] for Ti alloy and 500 [sA/cr] for Al,O3 (Svintsovet al, 2009).

After conducting these simulation studies, the 8Dcsures were fabricated in each
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Figure 6.1Convex square pyramid in a 4x4 pum trench mille8i.
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material by FIB milling and the depth and lateraheénsions of the produced features
were compared with the simulation results. Dueh® gpecific application of the 3D
test structure as an axon and/or mixer in micratbs, a double-wound spiral with
6x6 pum dimensions as shown in Figure 6.3 a wasteeld@o verify the results. The
exposure settings applied in the experiments wagam currents: 2nA and 200 pA,

dwell time: 0.001ms and 0.01 ms, respectively; atep size: 10 nm and =100.

6.4 Results and discussion

6.4.1 Layer thickness

The layer thicknesseb, obtained for the investigated materials are prieskin Table
6.2. The detailed results and respective imageas fpplying the methodology for
layer thickness estimation are presented in Appe@diAgain, as it was the case for
Si in Chapter 5, thl values and their respective tolerance intervalewweoportional
to the applied, for the eight materials used in this study. Alas,can be seen in
both Table 6.2 and Figure 6.2, thevalues for the different materials are quite
similar, excluding Alumina, which suggests thatithesponses to FIB milling are
similar, too. Therefore, with respect to FIB maahiy these materials can be
regarded as easily interchangeable, and the mpso@ate for a given application
can be selected. Thus, any of these materials eanilsed for producing replication
masters by FIB patterning without causing any s$igamnt increase in the processing
time or requiring re-adjustments of the milling gaeters. Therefore the overall cost-
effectiveness of any designed master/insert matwifag route can be improved
through the implementation of the most suitableamalt and according machining
parameters’ optimisation. The layer thickndgsof all seven materials was less than

hg;, justifying again the choice of Si as a referemzgerial for calculating the material
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constants.

6.4.2 Materials’ constants

The constant§;; andC, were derived for each of the eight materials basedhe

results obtained at the three differ&nt utilised in this study. Thus, th€; value is
the average of the obtained results for eachas shown in Table 6.3. It can be seen
that, for most of the material;; is identical for allD, applied, indicating process

stability and viability of the applied methodology.

As discussed in Section 6.2.2 the cons@ntan be used to estimate the total milling
time for obtaining the targeted depth in a giventamal with respect to the time

necessary to achieve the same depth in Si. Protidédhe FIB milling is carried out

under the same exposure conditions, this relatipresin be expressed as follows:

ExposureTne, ..., = C, L ExposureTine, (6.5)

It can be seen in Table 6.3 that the exposuresduailde between 5% and 36% more
time for the investigated materials, excluding Alnen In case of Alumina, to
machine a structure with the safdeas in Si it would take up to four times longer.
The other material that requires a noticeably nrmoaehining time is iron, with a 36%
increase of the exposure time. Therefore, its selefor direct FIB structuring has to

be justified by weighting carefully any applicatispecific advantages that the use of
iron could provide. The obtainedC, values support again the possibility to

interchange materials discussed in Section 6.hichwill allow for a greater
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Table 6.2 Layer thicknesk, obtained for the studied materials

h, [nm]

Materialll [uasfen] D.1=2x1§ D.2=4x16  D_3=6x10
Silicon (Si) 5.9:0.4 12.241.0 18.1+1.8
Alumina (ALO3) 15401 3.040.2 45403
Cobalt (Co) 5.10.3 10.240.6 15.341.0
Cobalt (Co) 4.80.4 9.740.7 14542
Iron (Fe) 4.240.3 9.010.6 13.740.8
Nickel (Ni) 5.240.5 10.610.7 16.041.1
Quartz (SiQ) 5.740.3 11.4%0.7 17.341.0
Ti Alloy 4.840.4 10.10.6 15.20.9
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Table 6.3C, andC, of the studied master-making materials

Si
Fe Co* Ti Co Ni _
Al,O3 SiO,  (benchmark
Alloy Alloy Alloy Alloy Alloy

material)
Cs 0.254 0.712 0.814 0.814 0.864 0.881 0.966 1
atDL 1
(o 0.246 0.738 0.795 0.828 0.836 0.869 0.934 1
atDL 2
of 0.249 0.757 0.801 0.840 0.845 0.884 0.956 1
atDL 3
Ct final 0.250 0.735 0.803 0.827 0.849 0.878 0.952 1
Ct:1/Cf 4 1.36 125 121 118 1.14 1.0¢ 1
Single Single
Amorphous
crystal crystal
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flexibility when designing application specific mess chains. The material with a
very similar machinability to Si is quartz with gnb% increase in exposure time.
This is especially important for integrating FIBlimig in various process chains for
fabricating templates for UV Nanoimprint Lithograp(NIL). Quartz is utilised in
UV-NIL for template fabrication due to its transpacy and over 90% transmission of
wavelengths in the range from 180 to 600 nm (L&tesal, 2009). Nickel also shows
a relatively good machinability, with a 17% increas processing time. Thin foils of
amorphous Ni can be used directly for FIB structyirand then utilised as inserts for
hot embossing (HE). This can provide a very effiti@lternative to the time-

consuming and expensive approach of producing $éirts through electroforming of

FIB patterned Si. BotlC, and C, values obtained for the two types of Cobalt justify

their potential usage for producing masters byadiFéB structuring. Ti alloy is also a
very suitable material for producing replication steas due to its high wear and

thermal resistance and good response to direct slicturing, evident from the

obtained values fo€,; andC,.

6.4.3 Comparison

As the layer thicknessy, and the correspondinG,; (Tables 6.2 and 6.3) are similar

for some of the investigated materials, only imageshe simulated and the actual
features produced in Si, Co, 8; and Fe are presented in Figure 6.3. However, the
simulations for the rest of the studied materias be found in Appendix C and the
results obtained for all the investigated materiate included in the following
discussion. Table 6.4 summarises the values ofdéphs,H, obtained from the
simulations and FIB milling with 2 nA and 200pA, agll as the percentage
difference between the simulated and the achiél/éat each material.
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Figures 6.3a and 6.3b represent the results fransiimulation and the actual FIB
milling with 2 nA of a spiral in Si. As it can beggected based on the results reported
previously (Lalevet al, 2008; Svintsowet al, 2009) the lateral dimensions of the
simulated and milled features are almost identileds than 2% difference in the
targeted 6x6 pum sizas can be seen in Figures 6.3 to 6.6. Even thdwghbalculated

H of the spiral is approximately 600nm, and is velgse to the milled one of 604.8
nm for 2 nA current the edges of the feature are dedined so well as in the
simulation results. This can be explained with riélatively big beam diameter when
using 2nA beam current, approximately 150 nm, dsd due to possible disturbances
during exposure that can cause slight beam shiftdefocusing. Furthermore, the
same “blurring” of the spiral’'s edges is observedthe rest of the milled materials as
can be seen in Figure 6.4 c-d, Figure 6.5 a-b aqur & 6.6 a-b for Co, Fe and A,
respectively.In contrast, FIB milling with a much smaller beaposwill result in a
higher feature resolution with much better edgenitedn as confirmed by both
simulation and milling results for 200 pA, or 40 rimeam diameter, depicted on
Figure 6.3 c-d, Figure 6.4 a-b and Figures 6.5and 6.6 c-d. Also, the quality of the
milled feature is higher as seen from the percentdifference values in Table 6.4,
which are around 2% for most of the investigatedeni@s but not exceeding 4%.
However, it should be noted that exposures withsdr@eD, but with smaller beam
diameters, i.e. lower probe currents, lead to aesponding substantial increase in
exposure time as a trade-off. In the direction radrta the machined surface again the
simulation and experimental results farshow approximately 3% difference for Co
for both currents, 493.2 nm, 524.7 nm and 510 nmnfeasured and estimatét
respectively; 4.1% for 200 pA and 4.5% for 2 nA fe, indicating it is relatively

hard to machine, and relatively low percentagesgjt@rtz and nickel, which appear to
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Table 6.4 Simulated and actull for the studied materials and their percentage

difference
Material H Simulation 14 200pA  pigearance  H 2™ Difference
[nm] [nm] [%] [nm] [%]

Silicon (Si) 600 612.7 2 604.8 0.8

Alumina (Al,O5) 150 152.8 1.9 143.2 45
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 (SiQ) 560 554.3 1 549.2 19

Ti Alloy 480 487 15 458.1 4.6
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Figure 6.3 lonRevSimimulation (left column, a,) and exposure results (rit

column, b, d) for a doubl&ound spirain Si for 2nA and 200 pA, respectiv
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Figure 6.4 lonRevSinsimulation (left column, a,) and exposure results (rit

column, b, d) for a doubl&ound spirain Co for 200 pA and 2nA, respectiv
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Figure 6.5 lonRevSinsimulation (left column, a, ¥ and exposure results (rit
column, b, g for a doubl-wound spiralin Fe for 2 nA a) and b), and 200 pA c) ¢

d).
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Figure 6.6 lonRevSinsimulation (left column, a,) and exposure results (ri

column, b, d) for a double&round spiral in AlO3 for 2 nA and 200 pA, respective
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have good FIB machining response. It can be semn ffable 6.4 that the alloys,
namely AbO; and TiZr4CoeNiisBes, are among the materials exhibiting the
highest percentage difference between simulatedaatghl results. That could be
attributed to the fact that, even though a soptastd software package was utilised
for the simulations, it is not a trivial task tola#ate precisely the parameters to

simulate accurately the interaction between iomiseand complex alloys’ targets.

It can be concluded that the simulation resultsioled for ion beam sputtering of the
investigated amorphous materials are very clogkbdse calculated applying the layer

thickness methodology in regard to the resultirguee depth.

The lonRevSim (Svintsoet al, 2009) utilises quite different process variakies
simulate the FIB milling process, in particular ileqpenting a sensitivity coefficient,
Rs, rather than milling rate to account for the miaiggroperties and the machinability
of a given material. So it can be regarded as @natidependent method for assessing

the resulting depth in FIB milling. Thus, it can lwensidered that the depth
assessments based on the simulation results armh#secalculated usinG; are of
entirely independent origins. The actual exposwteamnes confirm both the values
obtained forC, and the simulations’ results. This implies that tlegivation method

applied in this study is reliable and the obtaimeaterial constants can be used to

estimate the resulting features’ profiles for tbesidered materials.

6.4.4 Material response
As stated above the milling rates are primarilyedeined by the sputtering rate

(yield) of the material. The sputtering rates areestigated for many PVD/CVD and
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charged particle processes (Wilseh al, 1997; Kilneret al, 2004) that involve

bombardment with primary ion beams, e.d, O, Cs, Ar*, X&', Gd in Secondary

lon Mass Spectrometry (SIMS), of target materialshsas metals, insulators and

semiconductors in single crystal, polycrystalline amorphous states. The main

factors that determine the sputtering yield are:

Mass mismatch between sputtering ions and atoms lgoales) of the

targeted material. This factor has a significant effect on the obtdine
experimental results because of the significantsnmsmatch of Ti, Fe, Co
and Ni — based amorphous metals, in the range &@® to 0.86, and single
crystal alumina and Si, 1.46 and 0.4, respectivalyegards to Ga (Table 6.1).
This mismatch affects the milling speed of the stigated materials (Table

6.3).

The type of the bond in the sputtered materi&trong bonds may cause lower
sputtering rates. In our case more representatitexpretation of this factor
could be obtained if the melting temperatufe) of the materials is used to
judge about the bond strength (Table 6.1 and Figurg The energy of the
incident ions is more readily absorbed in covalmmded materials, and thus

less is transferred to the surface, resulting imeduced atom ejection,

sputtering. Therefore in our experimen@s and respectively the relative

milling rates of the covalent bonded single cry#tglO; is significantly lower
compared to the amorphous materials. The amorpmoaterials exhibit
similar sputtering rate behaviour although varmgioof more than 20 %

between the more ‘robust’ (Ti, Fe) and more ‘easputtered’ (Si, Ni)
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amorphous alloys are evident. These differencessttgstically significant

taking into account that the uncertainties of th#éimg depth measurements

do not exceed 6 to 8%. Therefor€, obtained by applying the described

methodology must be taken into account when desigand implementing

any ion beam milling strategy.

The amorphous Gg(SiB).sMns(MoFe), alloy was studied in two forms: as received
amorphous state (Co); and after explosive weld@m)(onto stainless steel substrate
to form a laminated composite substrate (Mieéwal, 2008). The thereby fabricated
laminate substrate could be described as havirdy harar resistant and anti-corrosive
surface soft and ductile base, and thus has thessary mechanical properties for
producing masters for thermal replication procesSdse sputtering experiments

showed small differences of the milling yield beeéneCo and Cg within 6%, which

is comparable to the measurement error. This iswddence that no significant

structural changes were triggered during the exypaseatment of the alloy.

Amorphous silica and single crystal silicon materinave similar relative milling
rates with only 5% difference between them, whishagain comparable to the
measurement error. This confirms the results obthiby other researchers that

sputtering rates of Si, amorphous Si, 3i@nd SgN4 are approximately the same

(Wilson et al, 1997). Also, this is another confirmation tha¢ thond energy has a
predominant influence on the materials’ sputtefiepaviour and not the molecular

weight when comparing chemical compounds with cemvalbonding.
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6.5 Summary and conclusions

The investigation carried out in this chapter consethe behaviour of several
amorphous materials suitable for fabrication ofadeeplication masters during FIB

milling. Since depth estimation is a major issu€IiB machining it is the main focus
of this research. The objective was to derive nedteoefficients for each material
allowing for the estimation of the milling rate .i.@btainable depth and total
machining time for a given material with regardSoas a benchmark. The layer
thickness methodology was applied as a basis #rctefficients’ derivation. The

obtained results were discussed with regard tartagerial aspects of ion sputtering.
Then, the coefficients were verified by simulatithg FIB machining of a complex
3D feature in the targeted materials and then loypawing the simulation results with
the structures obtained after actual FIB exposuBeecially developed software that
takes into account the specific phenomena occurdogng FIB sputtering in

different milieus was employed to perform theseuations.

Based on the investigations reported in this chayie following conclusion can be

drawn:

1. The layer thickness), and its calculated tolerance interval are propoal to
the applied dose per laydd,, for all of the studied materials. Also, the layer
thicknesses for the different materials are simiéaicluding AbOs, indicating

high possibility for material interchange.

2. Calculations of the total milling times for the gstigated materials, made by

utilising C,, revealed 5% to 36% increase compared to Si, stipgaagain
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the concept of material interchange aiming at emiptp the most suitable

material for a specific application.

. The material related constar@s and C, were verified by simulation studies

of FIB milling with 200 pA and 2 nA beam currenthd difference between
the simulated and milled feature heighis, was much less than 5% for the
investigated materials. It was also shown that FhBling with smaller

currents results in higher-resolution features vio#tter edge definition but

increases the machining time substantially.

. The main factors that determine the sputteringdyiehd thus the FIB
machining response of the materials studied in ¢hepter are (i) the mass
mismatch between sputtering ions and atoms ofdhgeted material, which
affects the milling speed and (ii) the type of bandhe sputtered material,
and more specifically, the bond energy, which hasealominant 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 investigheecost-effective implementation
of the FIB technology in master-making process mhdor serial replication. To
accomplish this task the following research consevare investigated:
» development and validation of cost-effective pracelsains for fabrication of
replication tool incorporating FIB milling as a cponent technology;
» cost-effective production of complex 3D featuresdiferent length scales
onto a single component;
* accurate depth estimation in layer-based FIB ngjlin
* the machining response of different master-makiragenmals during layer-
based FIB milling.
The main research findings and contributions toetisting knowledge in micro and

nano manufacturing technologies are presented below

7.1.1 Process chain for fabrication of replicatiommasters
A novel process chain for fabrication of replicatimnasters was developed and
validated for serial fabrication of organic electio (OTFT) devices. The proposed

master-making route relies on using different tetbgies for micro structuring and
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sub-micron and nano patterning that are appliedhto fabrication of Ni shims
incorporating different length scale featur&$ie inspections carried out after each

component technology of this process chain lethéddllowing conclusions.

High aspect ratio features were more difficult tausture. Any deviations during the
template structuring stages affect the follow-uplioation process and therefore
measures should be taken to account for them iaray This was further confirmed
during the replication stage where it was obsemved features with bigger lateral

dimensions and low aspect ratios replicated better.

The analysis carried out at each stage of the psockain revealed a maximum of
5.6% difference on average between the features2sions at the structuring and S-
FIL replication stages, and 1.5% difference betweemesponding features on the
NIL imprint and the Ni shim, which indicated veryad process compatibility

between the component technologies in the prodess,cespecially for the targeted
length scale range. Finally, the fabricated repilica tool was implemented

successfully as a master for R2R hot embossingrevidatch of OTFT devices on

flexible substrates was produced.

7.1.2 Realisation of 3D structuring and FLSI into asingle component

The process chain developed in Chapter 3 was neddii demonstrate the capability
of FIB milling in combination with UV imprinting ath electroforming to produce
replication tools incorporating complex 3D featusexl patterns of different length
scales. The produced tool was validated as a sfampot embossing. The main

findings made during this investigation are presérdelow.
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The selection of appropriate data generation teglas is of crucial importance for
the accurate production of high resolution 3D fezgu Therefore, the pattern data
preparation approach offering most advantages redlard to generation of complex
3D geometries to serve a specific purpose mustibiged. In this research, the layer-
based approach, in which the target geometry imeigfas a stack of layers ordered
along the vertical axis of the structure and altamed into a single data file was

found to yield the best outcome for complex 3D desas.

The thorough analysis of the obtained results afer implementation of each
component technology in this process chain showedawerage difference in
corresponding features’ lateral dimensions of lésasn 3%, thus justifying the
technologies selection in regard to process coiifigti Furthermore, the difference
between the structures on the Ni shim and thostherHE replicas was within 1%
indicating the high level of complementarity andcellent quality of the process
chain’s end product. This conclusion is also conéid by the results obtained from

the depth analysis where the average deviationowigswithin 1.4%.

Analysis of the profiles of the corresponding pyid@snon the template, the NIL
imprint, the Ni shim and HE replica clearly revehkhat they were parallel to each
other, indicating that (i) the targeted 3D geometys accurately produced by FIB
milling, and (ii) the tips remained in the centifetlee respective pyramids throughout
all machining and replication steps of the procgssin without compromising the

structures’ functional requirements.

The following factors that are inherent to the was steps of the process chain were
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considered to have the highest influence on itsalivperformance: the measurement
uncertainty including the system calibration an@ tmeasurement strategy, the
process parameters’ optimisation for the differemtnponent technologies, the 3D

pattern generation strategies and the materialgpties.

7.1.3 Depth estimation in layer-based FIB milling

To address the issues related to the achievablendions in direction normal to the
machined surface during FIB milling, a methodolofyr total feature depth
estimation was developed and validated. It rel#testotal depth to the layer depth
obtainable with specified sets of exposure paramelehe findings in this study are

summarised below.

The layer thickness can be considered the sama @oren area dose per layer for a
given material, regardless of the beam current madm The results suggest that the
layer thickness is proportional to the applied dpselayer, which could be used in
selecting processing windows for producing striegurith a given depth. However,
it should be noted that there is a critical layeckness for any given area dose, above

which the re-deposition cannot be considered nibdgiganymore.

The total height/depth of layer-based FIB millecttees can be calculated as a
product of the layer thickness for a given dose tmednumber of layers selected to
produce them. However, this is only valid for tielr part of the total thickness /

number of layers interdependence.
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It is possible to estimate accurately the toleramueertainty intervals of machined
features’ heights. Especially, in the conductedeexpents the heights of all FIB
milled features were within the calculated tolemnanges and their deviations were
within 2 to 5%. It was observed that an increasé&apér thickness and higher doses

tend to lead to higher deviations from the targetedes.

7.1.4 Layer-based FIB milling of different amorphots materials

The machining response to FIB milling of severalogphous materials suitable for
replication masters was investigated in order tateetheir behaviour to that of a
benchmark material, such as silicon. The methogofog estimating the ion beam

milled depths of different materials relative todeiscribed in Chapter 6 is an effective
and convenient approach for assessing and imprdviBgmachining strategies and
process accuracy in the direction normal to thessate surface when milling 3D

structures. More specifically by applying this nadblogy for estimating the milling

rate of other materials relative to single cry8aby employing the material specific
constant,C; , it is possible to produce structures with an aaoyrgithin 6 to 8% of
their nominal dimensions in the direction normalthe substrate surface. The latter

was confirmed by the simulation studies carried with a specially developed ion

sputtering simulation software.

The total time needed to mill a desired featura given material can be compared to

the time necessary to produce the same structuseand thus calculated by utilising

the inverse constant @ - C, . The obtainedC, values will facilitate the possible

interchange of master materials, which will alloar fa greater flexibility when

designing application specific process chains.
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The sputtering yield of the amorphous materialegtigated in this research, $jO
Fe, Co, Ni, and Ti based alloys, were experimentiund to be only 14 to 35%
lower than those achievable for a single crystahr®l amorphous SpOIn addition,
the milling rates of these amorphous materials veggaificantly higher, with factor
of 3, compared to that achieved for the single tatyalumina (A}Os). This can be
explained with the covalent bonding of 8% that results in a reduced atom ejection,

sputtering, by the incident ions.

7.2 Conclusions

Based on the research carried out the followingegeronclusions can be made:

* The utilisation of process chains as a means foridation of replication
masters allows the cost-effective combination o€ thapabilities and
advantages of a number of manufacturing technadodi¢hen each of the
implemented processes is utilised in its optimalcpssing window and the
technologies are selected so as to guarantee ogitiowess compatibility and
complementarity, the influence of the error factonshe overall process chain
performance can be minimised. The unique patteroapmabilities of the FIB
technology can be cost-effectively utilised for sgulwron and nano
structuring in such process chains. The high psiogstimes can be
minimised by multiplying the resulting topographyeo a larger area, e.g.
using UV-NIL S-FIL technology, and then transfegiit to a suitable tooling

material employing electroforming.

* Process chains can be successfully applied for using components
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incorporating complex 2.5D and 3D structures ofedént length-scales. The
implementation of FIB milling as a component tedogy of process chains
guaranteed the precise fabrication of 3D featunesshowed the technology’s
important role for the successful achieving of FL8ito a single
component/product. Analysis of the complex featypesfile revealed that the
feature geometry was accurately transferred thrdhglstages of the process
chains to the end product and also that a caredldcBon of inspection
strategies in order to minimise measurement uriogytais required.
Furthermore, the successful implementation of thediffred process chain
proved that the diversity of available technologatiews for flexibility and
innovative design solutions when developing procelains for specific

applications.

By investigating in details the relationship betwdayer depth, total feature
depth and area dose in layer-based FIB milling a as FIB sputtering
effects like material re-deposition it was possitdedevelop a methodology
for depth estimation. It allows for accurately cdting the total depth of the
feature and a tolerance interval defining its ataiglp variations. Validation
of the methodology through FIB milling of complel 3eatures revealed that
it can be reliably applied to different strategits 3D geometry data

generation and wide range of number of layers.

The obtainable total depth and the total millingndi for layer-based FIB
machining of a given structure in a selected ammuphmaterial can be

estimated by linking the milling rate/sputteringelg of the used material to
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that achievable in a benchmark material, e.g. Baat is accomplished by

deriving material related constant®, and C, that characterise the material

response to FIB milling. By usin@, andC, the overall cost-effectiveness of

any designed master/insert manufacturing routebeammproved by utilising

the most suitable material and optimised machipaigmeters.

7.3 Future Work

Alignment issues are of high importance for thecsssful realisation of process
chains combining the capabilities of different cament technologies. Thus, the
introduction of a system that creates alignmentksias data files that can be utilised
by all the consecutive processes could bring sant improvements. If during the
design of a process chain the compatibility of wbed data format with the software
systems applied to control the various componestinelogies could be assured this
can have a significant impact on the cost-effectdgs of the process chain. Also, the
use of a common data format at all processing stagrild facilitate achieving not
only the necessary alignment of structures machwigl different technologies but

also the necessary level of integration in any @ssahain.

The uncertainty issues of process chains can beessktl by developing and
implementing systematic procedures for prelimindetailed analysis of error factors.
This should include risk assessment of the podsilof fault occurrence at each stage
of the process chain as well as its influence anftilow-up technologies and the

overall quality and cost of end product.
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The methodology for layer depth estimation deveatopeChapter 5 of this research is
based on empirical studies of the linear part efititerdependency between the total
feature depth and the number of laydtisN ) applied. While it is very accurate for
predicting the total feature depth in cases whedeposition can be considered
negligible, a modified version to account for tipeenomenon would be a major
improvement in planning and performing of layerdshd=1B milling. Therefore, a
detailed investigation of dependences outsideHi linear range could enable the
development of models/strategies that can be usezbinpensate for re-deposited
atoms. Hybrid models, combining layer-based andséddistribution” or gray tone
FIB milling can be possible solution to correctitg non-linearity but would require

further investigations.

The material related constar®s and C, were derived empirically and even though

they were validated through simulation studiesquened with a tool utilising entirely
different process variables to simulate FIB sputtgrthe methodology could benefit
from further analytical studies. An in-depth thear& analysis describing all physical
phenomena of the FIB milling and the ‘ion-targeattaractions, including process
specifics like re-deposition of atoms and angleetelent sputtering, through
mathematical models could (i) facilitate the det@ation of material related
constants for other application specific materialsg (ii) eliminate the influence of
intrinsic uncertainty factors such as momentarydataon of the LMIS and the FIB

system, beam defocusing, shift or intensity flutires, 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 imsetthe uncertainty calculations
was performed following an established methodol@giykup and Frenkel, 2006).

The equations used are listed below:
Determination of standard uncertainty in the mesm) :

S

— Zinzl(xi _;()2
S= Y (A.2)
Combining standard uncertainties
2 Oy,
us(y)=2.| = | u“(x) (A.3)
i=1\ 0%
Expanded uncertainty U(y)
U(y)=k.u(y) (A.4)

wherek is a coverage factor determined at a level ofidentce (i.e. 95 %) for a given

number of degrees of freedom
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Veff: n zflyle) (A5)
z i

i=1
and v=n-1 (A.6)

A calibration sample with silicon calibration grags was used in determining the
measurement uncertainty of the SEM. It had theovalg specifications: silicon
calibration gratings of the TGX01 series, compgsof a chessboard-like array of
square pillars with active area: 2x2 mm; step helgl® + 4 nm; pitch 3 um; accuracy
of pitch £+ 5 nm and side of square of approximately5 um. The calibration
specimen was specifically chosen as it enablesirobtpof measurements in two
orthogonal directions, which is highly recommendetien dealing with SEM
calibration and measurement uncertainty (LeachQRORepeated measurements of
the pitch at randomly chosen place on the calibnasemple were performed. Twenty
measurements were taken at each of the three nftest wtilised magnifications:
3600X, 16 000X (16kX) and 35 kX (22 kX in verticairection uncertainty
calculations). The uncertainty calculations prodiddelow reveal that the
measurement uncertainty of the instrument tendtetwease with the increase of the
magnification. Therefore, for conducting measuretmiemith the SEM, the highest
possible magnifications, achievable for the givenahsional range/scale, are usually

selected.

The best estimate of the pitch is presented bytuation:

P=X+Z (A7)

WhereX is the mean value obtained through repeated maasmts:
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X =Z (A.8)

Z is the best estimate of the correction which antodor the effects of systematic

error like calibration error or resolution erroc.et

Standard uncertainty in X

It's based on Type A evaluation of uncertainty:

u(x) = (A.9)

S
Jn
The number of degrees of freedonvjssn—1 =20 - 1=19

Determination of Z and standard uncertainty in Z

Since it's not known whether the error has positivaegative sign the best estimate
of the correction iZ=0. It's not based on a statistical analysis, antherefore Type
B evaluation of uncertainty. As already mentionad ts a correction due to error. As
the only calibration information available is thikch accuracy = 5nm the standard

uncertainty inZ becomes:

u(2) :i,wherev =n-a, (A.10)

Jv

Wherea is the number of values calculated based on #mspie. In this case=0,

since no statistical analysis was performed; sa = 20.

5x10°°

uz) = N 2x20

=0.00079= 079x10°% um
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As u(2)is negligibly small the number of degrees of fl@ad;, —x.

* Uncertainty for 3.6 kX

For magnification of 3.6 kX:

X =2.981 um

s=0.04675 um

u(X)=0.0105 pm

Combined uncertainty for 3.6 kX magnification:

u?(P) = u?(X) +u?(Z) =11025x10°° + 062x10° =11087x10°° zm
u(P) = 10.53x1G pm

u*(P)
NG

v

it
v

, since y —w, theu(z) part becomes zero and cancels, so

X z

Ve = (10.53x10 3)¥[(10.5 x 10°)%/19] = 19.22 ~ 19

K (95%, 19)— 2.09

Expanded uncertainty:

U(P)= u(P). k = 10.53x10°x2.09 = 22.01x18 um
U(P) =+22 nm
Pitch = 3+ 0.022 um

* Uncertainty for 16 kX
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X =2.979 um

s=0.02565 pm

u(X)=0.0057 um
Combined uncertainty for 16 kX magnification

u®(P) =u?(X) +u?(Z) = 3249x10°° + 062x10° = 3311x10°° um

u(P) = 5.75x10°pm

Vet = (5.75x10° 3Y[(5.7 x 10°%*19] = 19.67 ~ 20

k (95%, 20)— 2.09

Expanded uncertainty:

U(P)= u(P). k= 5.75x10°%2.09 = 12.02x18 um

U(P)=%12 nm

Pitch =3 £0.012 pm

» Uncertainty for 35 kX

X=2.991 pm

$=0.01854 pm

u(X)=0.0041 um

Combined uncertainty for 35 kX magnification
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u?(P) =u®(X) +u?(Z) = 1681x10° + 062x10° = 1743x10°° um

u(P)= 4.17x10°pm

vert = (4.17x10 %*[(4.1 x 10%%19] = 20.33 ~ 20

k (95%, 20)= 2.09

Expanded uncertainty:
U(P)= u(P)x k = 4.17x18x2.09 = 8.7x10 um
UP)=+9nm

Pitch = 3 + 0.009 um

Determination of the uncertainty in vertical direction

Due to the specific features of the SEM softwarengyple of operation the
measurement along the vertical axis is the produtite value measured along the Y-
axis in the XY plane and the correction coefficiegual to 1/cas (¢ = 36°). That
gives the true vertical value provided the 36 degrdlt correction option is on. As
cog is constant, the measurement uncertainty in \&artizection would be equal to

the measurement uncertainty along Y axis of thepkne.

With the same sample taken for determination of uheertainty along z-axis i.e.

depth measurement, and 20 repeated measuremetits pitch along Y axisy(Z)

remains:
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5x10°°

uz) = N 2x20

=0.00079= 079x10°% m

* For magnification of 3.6 kX
X'=2.998 um
s$=0.03045 pm

u(X)=0.0068 pm

Combined uncertainty for 3.6 kX magnification

u?(P) =u®(X) +u?(Z) = 4624x10°° + 062x10° = 4686x10° um
u(P) = 6.84x10°pum

_u(P)
eff U4(X) +m !
v v

since y —o, theu(z) part becomes zero and cancels, so

X z

Vet = (6.84x10°3)¥[(6.8 x 10°)%19] = 19.11 ~ 19
K (95%, 19)= 2.09

Expanded uncertainty:

U(P)= u(P). k= 6.84x10°x2.09 = 14.30x18 pm

U(P)=+14 nm

Pitch =3 £ 0.014 pm
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* Uncertainty for 16 kX
X=3.006 um

$=0.01611 pm

u(X)=0.0036 pm

Combined uncertainty for 16 kX magnification

U?(P) =u?(X) +U?(Z) = 1296x10° + 062x10°° = 1358x10°° zm

u(P) = 3.68x10°pum

Vet = (3.68x107)*[(3.6 x 10°)%19] = 19.42 ~ 19

K (95%, 19)= 2.09

Expanded uncertainty:
U(P)= u(P)x k = 3.68x18x2.09 = 7.69x18 um
U(P)=+8nm

Pitch =3 £ 0.008 pm

» For magnification of 22 kX:
X=2.994 um
$=0.01469 um

u(X)=0.0033 um
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Combined uncertainty for 22 kX magnification

u?(P) =u?(X) +u?(Z) = 1089x10° + 062x10°° = 1151x10°° gm

u(P) = 3.39x10°um

4
u“ (P .
S (N , since y —w, theu(z) part becomes zero and cancels, so
u

B ‘(2)

eff 4
u™(x) .
Vv v

X z

Ve = (3.39x10 3*[(3.3 x 10%*%19] = 19.52 ~ 20

k (95%, 20)= 2.09

Expanded uncertainty:

U(P)= u(P)x k =3.39x10°%2.09 = 7.085x18 um

U(P)=%=7 nm

Pitch = 3 + 0.007 um
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APPENDIX B

FWHM measurements of the OTFT channels and calculad
uncertainty

Table B.1 FWHM measurements of the channels alyestage 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
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Table B.2 Uncertainty analysis and calculationFgYHM values at all the stages of
the process chain

Template
x | u) L ue) | uP) | ou) |, | U=ku()
eff
[nm] [nm] [nm] | [nm] | [nm] [nm]
379.3 8.04 3.04 11.38 11.78 infinite 1.96 28.1
481.5 25.70 9.71 14.4% 17.41 ~100 1,98 34.5
812.1 19.41 7.34 24.36 25.44 infinite 1.96 40.9
989 58.40 22.07) 29.67 36.98 ~ 5( 2.01 74.3
2232 83.08 31.40 66.96 73.96 ~100 1,98 146.4
4995 53.37 20.17, 149.85151.20| infinite| 1.96 296.4
NIL imprint
343.6 27.59 10.43 10.31 14.6p ~ 30 2/04 29.9
457.6 36.77 13.90 13.73 19.58 ~ 30 2/04 39.9
743.8 12.53 4,74 22.31 2281 infinite 1.96 447
920.3 33.86 1280 27.61 30.43 ~100 1/98 60.3
2126 11.31 4.28 63.7§ 63.92 infinite 1.96 125.3
4800 38.45 1453 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 2250 23.1p infinite 1.96 45.4
912 2.70 1.02 27.36| 27.38 infinite 1.96 58.7
2141 12.25 4.63 64.23 64.40 infinitle 1.96 126.2
4846 103.04| 38.95 145.38 150.pinfinite | 1.96 295.0
R2R imprint

664 12.94 4.89 19.920 20.51 ~100 1.08 40.6
753.4 2.82 1.06 22.60 22.63 infinite 1.96 44.3
1181 28.87 10.91  35.43 37.97 ~100 1,98 13.4
1331 115.05| 43.48 39.93 59.04 ~30 2104 120.4
2802 19.05 7.20 84.06 84.3[7 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 imestigated

in Chapter 6
Data for Alumina (Al ;O3)

Establishing of the total depth and individual laykickness, h, as a function of the

selected FIB process parameters

Total Depth to NL relationship at DL 1
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Total Depth to NL relationship at DL 3
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Determination of tolerance intervals

Layer thicknesdh, obtained for Alumina

D, [uAs/cenf] | D 1=210°

D, 2 = &10°

D, 3 =&10°

h [nm]

1.540.1

3.040.2

4.540.3

Uncertainty analysis and calculation for the thaesa doses per layer (D

Do h, | u(h), | uP), | uh), U =ku(h),
Vet k
[nAs/ent] | [nm] | [nm] [nm] [nm] [nm]
D 1 1.549, 0.03 0.05 0.06 25 2.06 0.12
D 2 3.003] 0.03 0.09 0.10 ~100 1.98 0.19
D 3 4.464| 0.03 0.13 0.14 ~100 1.98 0.27

FIB milling of 3D features- 100 layers convex 2x2 biase pyramids

D, 1 (Fig. C.1 a): calculated - 150 + 10 nm; actudl — 146.9 nm; deviation - 2%.

D, 2 (Fig. C.1 b): calculateH - 300 = 20 nm; actudl — 317.3 nm; deviation — 5.8%.

D, 3 (Fig. C.1 c): calculated - 450 £ 30 nm; actudfl —464.2 nm; deviation - 3%.

Figure C.1 Convex pyramid with 2x2 um base in a grd trench, produced by FIB

milling of 100 layers with ap_ 1, b)D. 2 and c)D. 3. The scale bar denotes 200 nm.
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Data for Cobalt (Cogp.61Sig. 3AMN5.03C2 73M01 91F €1 35)

Establishing of the total depth and individual layl@ckness, h, as a function of

the selected FIB process parameters
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Total Depth to NL relationship at DL 3
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Determination of tolerance interv:

Layer thicknessh, obtained for Cobe

D, [pAs/cnT]

D, 1=2x10°

D, 2 = 410°

D, 3 =&1C’

h [nm]

5.140.3

10.240.6

15.3+1.0

Uncertainty analysis and calculation for the thaesa doses per layeD, )

Do h, uthy, | u), | u(h), U = ku(h),
Vet | K
[uAs/cnt] | [nm] [nm] [nm] [nm] [nm]
D .1 5.066 0.0¢ 0.15 0.16 ~100 1.98 0.32
D 2 10.240 0.0¢ 0.31 0.32 ~100 1.98 0.64
D.3 15.343 0.17 0.46 0.49 ~100 1.98 0.97

FIB milling of 3D feature— 100 layers convex pyramid

D, 1 (Fig. C2 a): calculateH - 510 + 30 nm; actuai —519.2 nm; deviatio— 1.8%.

D, 2 (Fig. C.D): calculatecH - 1020 + 60 nm; actudd — 1063 nm; deviatior 4.2%.

D, 3 (Fig. C2 c): calculateH - 1530 £ 100 nm; actu&l —1606 nm; deviatior 5%.

Figure C.2Convex pyramid with 2x2 um base in a 4x4 um trepcbduced by FIE

milling of 100 layers with aD_ 1, b)D, 2 and c)D, 3.
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Data for Cobalt* (Cog1.26Sig26MN 4.95C2 1M02 1d7€1.24)

Establishing of the total depth and individual laykickness, h, as a function of

the selected FIB process parameters

Total Depth to NL relationship at DL 1
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Total Depth [nm]
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Determination of tolerance intervals

Layer thicknesdsh, obtained for Cobalt*

D, [pAs/cnTf]

D, 1=X10°

D, 2 = &10°

D, 3 = &10°

h [nm]

4.840.4

9.740.7

14.5+1.2

Uncertainty analysis and calculation for the thaesa doses per laydD,()

Dv h, uthy, | u®P), | ul(h), U = ku(h),
I/eff K
[uAs/cnt] | [nm] [nm] [nm] [nm] [nm]
D 1 4.808 0.11 0.14 0.18 15 2.13 0.39
D 2 9.699 0.20 0.29 0.35 20 2.09 0.74
D 3 14.547 0.33 0.44 0.54 16 2.12 1.16

FIB milling of 3D features — 100 layers convex pyrd

D, 1 (Fig. C.3 a): calculated - 480 + 40 nm; actuall — 464.2 nm; deviation — 3.3%.

D, 2 (Fig. C.3 b): calculated - 970 £ 70 nm; actudl — 952 nm; deviation — 1.9%.

D, 3 (Fig. C.3c): calculated- 1450 + 120 nm; actudd— 1530 nm; deviation— 5.5%.

Figure C.3 Convex pyramid with 2x2 um base in a grd trench, produced by FIB

milling of 100 layers with ap_ 1, b)D, 2 and c)D, 3.
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Data for Iron (FegiB13.Si3C>)

Establishing of the total depth and individual laykickness, h, as a function of

the selected FIB process parameters

Total Depth to NL relationship at DL 1
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Total Depth to NL relationship at DL 3
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Determination of tolerance intervals

Layer thicknesdh, obtained for Iron

D, [pAs/enf] | D1 =10 D, 2 = &10° D 3=&10°

h[nm] 4.210.3 9.010.6 13.740.8

Uncertainty analysis and calculation for the thaesa doses per laydD,()

DL h, uh)y, | uP), | ul(h, U =ku,(h),
Vet k
[uAs/cnt] | [nm] [nm] [nm] [nm] [nm]
D 1 4172 0.04 0.13 0.13 ~100 1.98 0.26
D 2 9.030 0.08 0.27 0.28 ~100 1.98 0.56
D3 13.710 0.07 0.41 0.42 infinite 1.96 0.82

FIB milling of 3D features — 100 layers convex pyrd

D, 1 (Fig. C.4 a): calculated - 420 + 30 nm; actuall —426.7 nm; deviation — 1.6%.
D, 2 (Fig. C.4 b): calculated - 900 = 60 nm; actudl — 931.6 nm; deviation — 3.5%.

D, 3 (Fig.C.4c): calculated - 1370 + 80 nm; actudd — 1358 nm; deviation — 0.9%.

Figure C.4 Convex pyramid with 2x2 um base in a grd trench, produced by FIB

milling of 100 layers with ap_ 1, b)D, 2 and c)D, 3
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Data for Nickel (Nigy 5eSis.19-€0.29C1.99)

Establishing of the total depth and individual laykickness, h, as a function of

the selected FIB process parameters
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Determination of tolerance intervals

Layer thicknesdh, obtained for Nickel

D, [pAs/enf] | D1 =10 D, 2 = &10° D 3=&10°

h [nm] 5.240.5 10.640.7 16.0+1.1

Uncertainty analysis and calculation for the thaesa doses per laydD,()

Dy h, u(h), uP), | ul(h), U =ku,(h),
I/eff K
[uAs/cnt] | [nm] [nm] [nm] [nm] [nm]
D 1 5.153 0.16 0.15 0.23 7 2.36 0.53
D 2 10.563 0.16 0.32 0.36 40 2.02 0.72
D3 16.050 0.26 0.48 0.55 40 2.02 1.10

FIB milling of 3D features — 100 layers convex pyrd

D, 1 (Fig. C.5 a): calculated - 520 + 50 nm; actua —511.2 nm; deviation — 1.7%.
D, 2 (Fig. C.5b): calculateH - 1060 = 70 nm; actudd — 1022 nm; deviation — 3.6%.

D, 3 (Fig. C.5c): calculated- 1600 + 110 nm; actuat 1606 nm; deviation— 0.4%.

Figure C.5 Convex pyramid with 2x2 um base in a grd trench, produced by FIB

milling of 100 layers with ap_ 1, b)D,. 2 and c)D, 3
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Data for Quartz (SiOy)

Establishing of the total depth and individual laykickness, h, as a function of

the selected FIB process parameters
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Total Depth to NL relationship at DL 3
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Determination of tolerance intervals

Layer thicknesdh, obtained for Quartz

D.[pAs/cnf] | D.1=2x10 D, 2 = &10° D, 3 = &10°

h [nm] 5.70.3 11.440.7 17.3£1.0

Uncertainty analysis and calculation for the thaesa doses per laydD,()

D h, | u(h), | uP). | u, U = ku, (h),
I/eff K
[|,LAS/CITF] [nm] [nm] [nm] [nm] [nm]
D 1 5.651 0.05 0.17 0.18 ~100 1.98 0.35
D .2 11.363] 0.03 0.34 0.34 infinite 1.96 0.67
D.3 17.257] 0.03 0.52 0.52 infinite 1.96 1.02

FIB milling of 3D features — 61 layers concave pyra

D, 1 (Fig. C.6a): calculated—347.7 = 18.3nm; actu&l-346.1 nm; deviation— 0.5%.
D, 2 (Fig. C.6b): calculateH—- 695.4 + 42.7nm; actudl—707.1nm; deviation— 1.7%.

D, 3 (Fig. C.6¢): calculateHd—1055.3 + 61 nm; actu&l-1001nm; deviation — 5.1%.

Figure C.6 Concave pyramid with 2x2 um base, preduxy FIB milling of 61 layers

with a)D, 1, b)D, 2 and cD, 3
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Data for Silicon (Si)

Establishing of the total depth and individual laykickness, h, as a function of

the selected FIB process parameters
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Total Depth to NL relationship at DL 3
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Determination of tolerance intervals

Layer thicknesdh, obtained for Silicon

D, [pAs/enf] | D1 =10 D, 2 = &10° D 3=&10°

h [nm] 5.940.4 12.2+1.0 18.1+1.8

Uncertainty analysis and calculation for the thaesa doses per laydD,()

Dy b u, | u@), | ou®, | | U =ku(h)
wasien] | fom] | pmg | M| o o , [nm]
D.1 | 5908| 003 | 018| 018| infinitel.96 0.35
D.2 | 12153 030 | 036 | 047 | 12| 218 1.03
D.3 | 18133 054 | 054 | 0.7 8 | 231 1.77

FIB milling of 3D features — 100 layers convex pyrd

D, 1 (Fig. C.7a): calculated-359.9+24.4 nm; actudl — 364.7nm; deviation — 1.3%.
D, 2 (Fig. C.7b): calculateH- 744.2 + 61nm; actudd — 748.1 nm; deviation — 0.5%.

D, 3 (Fig.C.7c): calculated —1104.1+109.8nm; actuéd —1001nm; deviation - 9%.

Figure C.7 Concave pyramid with 2x2 um base, preduxy FIB milling of 61 layers

with a) D1, b) D2 and CDL 3
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Data for Ti BMG (TI PrYAlL 240016Ni15Be4)

Establishing of the total depth and individual laykickness, h, as a function of

the selected FIB process parameters
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Total Depth to NL relationship at DL 3
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Determination of tolerance intervals

Layer thicknesdh, obtained for Ti alloy

D, [pAs/enf] | D1 =210 D, 2 = &10° D, 3=&10°

h[nm] 4.810.4 10.120.6 15.220.9

Uncertainty analysis and calculation for the thaesa doses per laydD,()

D h, | uth), | uP). | u), U = ku,(h),
I/eff K
[nAs/ent] | [nm] | [nm] [nm] [nm] [nm]
D .1 4.840 0.12 0.15 0.19 12 2.18 0.41
D 2 10.113] 0.04 0.30 0.31 infinite 1.96 0.60
D.3 15.247, 0.003 0.46 0.46 infinite 1.96 0.90

FIB milling of 3D features — 100 layers convex pyrd
D, 1 (Fig. C.8 a): calculated - 480 + 40 nm; actual —512.3 nm; deviation — 6.7%.
D, 2 (Fig. C.8b): calculateH - 1010 + 60nm; actudd — 967.2 nm; deviation — 4.2%.

D, 3 (Fig. C.8 c): calculatedd - 1520 £ 90nm; actudl — 1486nm; deviation — 2.2%.

Figure C.8 Convex pyramid with 2x2 um base in a grd trench, produced by FIB

milling of 100 layers with ap_ 1, b)D,. 2 and c)D, 3
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Simulation Data for Quartz, Nickel and Ti BMG

Z [uml
Og.0

-uls

Z [um]
a2

c) X [uml

Figure C.9 lonRevSinsimulation (left column, a,) and exposure results (rit

column, b, d) for a doubl&ound spirain quartz for 200 pA and 2 nA, respectiv

223



c) "2y umy 0 ?

Figure C.10lonRevSimsimulation (left column, a,)cand exposure resul(right

column, b, d) for a doubl&ound spirain nickel for 200 pA and 2 nA, respectiv
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£ [uml

0
B

Figure C.1llonRevSimsimulation (left column, a,)cand exposure results (rit

column, b, d) for a doubl&ound spirain Ti BMG for 200 pA and 2 nA,espectively
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