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Within the innovative field of the semiconductor industry, this thesis presents a
comprehensive exploration of the design, development, and implementation of an upgrade
module of an aging mask aligner, integrating a UV-LED light source and an optimised
optical design. The research uses a design thinking methodology and includes seven different
studies, including a literature review, benchmark study, observations, interviews,
simulations, optical performance tests and user experience evaluations. The key findings
highlight the successful improvement of the optical performance of the mask aligner,
resulting in accelerated throughput, improved yields, and overall operational efficiency at
the client’s production facility. This thesis contributes to theoretical insights into optical
design, the application of design thinking in engineering and the practical feasibility of
upgrading outdated semiconductor manufacturing equipment. The study concludes with the
recognition of the commercialisation potential and outlines areas for further research and
development.
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SYMBOLS AND ABBREVIATIONS

Symbols

g Gap pm

A Wavelength nm
Abbreviations

3D Three-dimensional

AIN Aluminium Nitride

AlOx Aluminium Oxide

BV Besloten Vennootschap (Private Partnership)
EFL Effective Focal Length

EUV Extreme Ultraviolet

CVD Chemical Vapour Deposition

FR-DP Functional Requirement—Design Parameter
HMI Human-Machine Interaction

IC Integrated Circuit

LCA Life Cycle Analysis

LED Light Emitting Diode

PSD Production System Design

RIE Reactive lon Etching

RTDP Reflective Transformative Design Process
Ul User Interface

Uv

Ultraviolet
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1 Introduction

This thesis is about designing an upgrade package for an aging mask aligner. The
introduction will explain the motivation, background, and context of the work. Furthermore,
the research problem and objectives as well as the research questions and hypotheses are
stated. Then, the research scope and delimitations are described. Finally, the thesis structure

will be laid-out to conclude this introductory chapter.

1.1 Background and context

This section of the introduction describes both the client as well as the project to provide

background and context for the work.

1.1.1 The client

Mintres BV is a company with limited liability based in Cuijk, The Netherlands. The
company is a pioneer in the field of processing high performance ceramics such as Chemical
Vapour Deposition (CVD) diamond, Aluminium Nitride (AIN) and Aluminium Oxide
(AlOx).

Mintres’ capabilities include YAG and Ultraviolet (UV) lasering, metal and dielectric thin
layer sputter deposition, photolithography, wafer sawing, Reactive Ion Etching (RIE) and
ion beam processing. The products they produce are for a wide range of industries such as
opto-electronics, research institutions, and even surgical instruments. Their specialisation in
small batch sizes and rapid iterative development positions them as an ideal partner for proof

of concepts and small-scale production.

Mintres BV prides itself on developing most of its processes in-house. This way they do not
only understand the technologies they apply, they are also able to iterate and improve on it
at a rapid rate. One of such improvement projects has come to be the subject of this thesis

work.



1.1.2 The project

A mask aligner, shown in Figure 1, is an essential instrument employed in the semiconductor
industry for the process of photolithography. Photolithography is a technique used to create
intricate patterns on semiconductor substrates. In this process, a thin layer of photosensitive
material, known as photoresist, is evenly coated onto the semiconductor substrate. The
photoresist acts as a photosensitive canvas upon a specific pattern is imprinted. The mask
aligner assumes a dual role in this procedure: it serves as both the light source and the
imaging apparatus. It emits ultraviolet light onto the photoresist-coated substrate. The mask,
placed between the light source and the substrate, obstructs light in certain areas while
permitting its passage in others, mirroring the effect of a stencil (The University of Memphis,
2023). As a result of this controlled exposure, material is selectively retained or removed
when the photoresist is developed. This in turn leaves the desired pattern behind on the
substrate. This pattern is a critical component in the fabrication of intricate electronic circuits
and components. Section 3.2 will provide a more comprehensive look at the

photolithography process.

Figure 1. The client's Karl Suss MJB3 mask aligner.



The Karl Suss MJB3, shown in Figure 1, is a manual mask aligner, meaning that the
alignment of the mask is performed by an operator. The operator looks at the substrate and
the mask with the aid of a microscope and adjusts their relative position accordingly. This,
and its modular design offers flexibility, reliability, and is cost effective for small production
runs. For that reason, it is a popular tool for laboratory experiments conducted at both
commercial and educational centres around the world. Next to that, the device can be found

at many small manufacturing facilities, including the case company’s fabrication centre.

“This tool offers unsurpassed flexibility in the handling of irregular shaped
substrates and pieces of differing thickness, as well as standard size wafers up

to 3 [inch] in diameter.” (Integrated Nanosystems Research Facility, 2023)

1.2 Motivation for the research

Even though the Karl Suss MJB3 remains a trusted workhorse in the semiconductor industry,
it is showing signs of age. While it once boasted state-of-the-art specifications, its optical
performance now lags behind contemporary competitors. Consequently, it struggles to meet
certain product standards as tolerances keep getting smaller. What’s more, modern systems

are more energy efficient and have higher production yields.

The motivation for this research is deeply rooted in the semiconductor industry's need for
technological advancement and enhanced product quality. The Karl Suss MJB3 mask aligner
faces limitations that directly impact the industry's progress. Replacing the Karl Suss MJB3
with a new, modern system seems like a straightforward solution. However, for small
laboratories and production facilities that rely on this equipment, such an investment can be
financially daunting and challenging to justify. Additionally, the mechanical design and
supporting inspection tools, remain in good working condition and have the potential to
serve for several more decades. This underscores the need for an alternative strategy that
enhances the Karl Suss MJB3's optical performance without necessitating a complete system

overhaul.
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1.3 Research problem, objectives, and questions

The central research problem addressed in this thesis revolves around the enhancement of
the Karl Suss MJB3 mask aligner. The problem encompasses the need to improve its optical
performance, align it with today’s industry standards, and explore how to improve
sustainability in the optical lithography process. Firstly, to examine the performance
limitations of the current mask aligner, in terms of optical performance, reliability, and
efficiency. Secondly, to benchmark these specifications against today’s industry standards,
identifying gaps and areas for improvement. Furthermore, it explores the feasibility of this
technical upgrade, ensuring seamless integration into the existing machine while addressing
user experience and operational efficiency. Subsequently, the research seeks to develop a
technical upgrade module, meeting design requirements set during the previous phases.
Ultimately, this research strives to offer comprehensive insights into improving the Karl

Suss MJB3 mask aligner.

Guiding the work towards addressing the research problem and objectives, a main research

question is asked and must be answered:

How can the Karl Suss MJB3 mask aligner be upgraded to enhance its optical performance,
meet industry standards, and be successfully integrated into production, considering

technical feasibility and cost-effectiveness?

In order to answer the main research question, a set of questions will be explored and must

be resolved with the aim to solve the main research question.

How has the Karl Suss MJB3 mask aligner fallen behind the current industry standards in
term of optical and operational performance, and why is it still extensively used in so many

research and production facilities?

Is it technically feasible to develop an upgrade module that enhances optical performance,
user experience, and operational efficiency, while seamlessly integrating into the original

machine and production process?

How has the implementation of the upgrade module impacted the overall efficiency and

productivity of the production processes?
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The conclusion will refer back to these research questions and looks to provide
comprehensive answers found during the development and implementation of the upgrade

module.

1.4 Scope and delimitations

This thesis will concentrate on a comprehensive case study conducted at Mintres BV,
specifically addressing the optical performance enhancements resulting from the

implementation of an upgrade module in a Karl Suss MJB3 mask aligner.

The benchmarking study will primarily focus on comparing the technical specifications and
performance metrics of the Karl Suss MJB3 mask aligner against recognised industry
standards and benchmarks. The primary technical focus will be on the optical performance
of the Karl Suss MJB3 mask aligner before and after the integration of the upgrade module.
This will involve an in-depth analysis of parameters related to optical precision, alignment,
and image quality. Additionally, the yield and product quality before and after the
implementation into the production processes will be compared. This comparative approach
will provide a clear understanding of the impact of the upgrade on the mask aligner's optical
capabilities. The study will also touch upon aspects of user experience related to the

upgraded mask aligner, including usability, user satisfaction, and operator feedback.

With these areas covered in this thesis, it is also important to frame what will not be included
in the work. While user experience is mentioned, the thesis won't provide an exhaustive
analysis of User Interfaces (Ul)s, ergonomics, or operator training. Although sustainability
is an important aspect, the thesis won't conduct a comprehensive life cycle assessment (LCA)
or delve deeply into sustainability beyond its influence on product. Thirdly, the thesis won't
extensively cover legal aspects such as patent considerations, intellectual property rights, or

legal obstacles unless they significantly affect the technical feasibility of the project.
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2 Methods

This thesis delves into the technical feasibility of realising the upgrade module as a practical
piece of equipment. It begins with an in-depth analysis of the existing Karl Suss MJB3 mask
aligner, pinpointing its performance limitations and areas for enhancement. Building upon
this, the section focuses on establishing precise design requirements derived from
benchmarking results and the specific needs of the client. It then progresses into the
development of a prototype, culminating in real-world testing when integrated into the
production processes. Then the work concludes by evaluating the usability of the upgraded

mask aligner and analysing its tangible impact on the client’s production capabilities.

2.1 Research set-up

The research philosophy guiding this study is predominantly pragmatic, as it seeks to address
practical issues in the semiconductor industry. A mixed-methods approach will be employed,
using both quantitative and qualitative data to provide an understanding for the upgrade and
process. The strategy for this approach is a case study. This allows for an in-depth
exploration of the Karl Suss MJB3 mask aligner upgrade within the real-world context using

the client’s manufacturing experience.

Data will be collected from multiple sources, including technical specifications, performance
metrics, user feedback, and production process data. These sources will provide a complete
view of the mask aligner's performance. Data will be collected through a combination of
document analysis, surveys, in-depth interviews with users and experts, and on-site

observations.

Statistical analysis will be employed to assess performance metrics before and after the
upgrade. This will involve comparing numerical data related to optical precision, alignment
accuracy, image quality, yield, and product quality. Qualitative data, including the findings
from expert interviews, user feedback and operator experiences, will be analysed

thematically to identify user satisfaction and usability improvements.
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2.2 Design thinking framework

In the context of this research, Design Thinking serves as the overarching approach for
reimagining and upgrading the Karl Suss MJB3 mask aligner. It was popularised by Tim
Brown and is a discipline that combines the designer's sensibility and methods with
technological feasibility and a viable business strategy to create customer value and market
opportunities (Brown, 2008). This approach to design is widespread and involves five
phases: empathise, define, ideate, prototype, and finally test. The way it is implemented in

the thesis work is shown in Figure 2.

. . ™
* Literature review
* Benchmark
Empathise JENe] et itel )
~
* Design requirements
* Feasibility assessment
J
~

* Unstructured interviews
* Conceptualise

Ideate

+ Optical design
* Interaction design
* Mechanical design

* Unstructured interviews
» Simulation data
* Production data

Figure 2. Design thinking approach of the work and thesis.

As can be seen in Figure 2, the empathy and define stages are performed once. The ideate,
prototype, and test stages will be performed iteratively, starting a new cycle when findings
conclude alterations are necessary. This also ensures that the various aspects to be designed

and prototype can be developed simultaneously.
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2.3 Reflective transformative design process (RTDP)

In addition to following the general approach of design thinking, it also makes use of the
Reflective Transformative Design Process. RTDP is a concept rooted in the field of
Industrial Design and discusses the idea that a design process should not be a one-way path
but rather an iterative process with continual reflection and transformation (Hummels &
Frens, 2009). The model, shown in Figure 3, presents five activities that should take place
during a complete and comprehensive concept development process. There is no right order
and one can start at every activity. When switching from one activity to another, the
opportunity for reflection arises. In turn this informs the next steps of the project. During
each phase of the design thinking methodology, several of the activities described by the
RTDP model might take place.

Envisioning
Creating oppertunities

Transforming

Sensing
Perceiving
Doing

Ideating
Integrating
Realising

Analysing
Abstracting

Validating
quality

Figure 3. The reflective, transformative design process (Hummels & Frens, 2009).

By engaging in iterative cycles of reflection and transformation, this thesis identifies
performance limitations, propose innovative solutions, and continually improve the

equipment's functionality.
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3 Literature review

As described in the Design Thinking process, the first step is to gain empathy with the
subject. The literature review is part of this phase of the design process. In this literature
review, several aspects are explored. To start off, human-machine interaction principles are

explored. Then, literature about the optical lithography process is investigated.

3.1 Human-Machine Interaction (HMI)

Both the Design Thinking and RTDP approaches require a deep understanding of the design
problem in the context of the user. For that reason, Human-Machine Interaction (HMI)
design can offer insights in how to develop fitting solutions. The integration of HMI
principles into equipment design processes might be vital for enhancing the interaction
between human operators and automated systems, ultimately leading to improved quality

and efficiency.

The HMI model for equipment design of manufacturing cells provides valuable insights into
how the design of manufacturing equipment can benefit from HMI principles (Cochran,
Arinez, Collins, and Bi, 2007). This model is based on supervisory control and outlines the
operator's involvement as a supervisor, encompassing functions such as planning, teaching,
monitoring, intervening, and learning. These functions correspond to different levels of

operator behaviour, including skill-based, rule-based, and knowledge-based activities.

In the context of Skill-Based HMI (BL-0), the skill-based function focuses on routine tasks
and operator training, emphasising the need for human-machine separation and the
importance of ergonomic interfaces for efficient control and physical interactions (Cochran,
et al., 2017). The Rule-Based HMI (BL-1) function deals with responding to disturbances
and implementing predefined corrective actions. It underlines the necessity of clear
procedures, protocols, and operator-friendly interfaces for rapid intervention. Finally, the
Knowledge-Based HMI (BL-2) function involves data collection, analysis, and decision-
making. It empowers operators to identify trends, abnormalities, and strategies for improved

performance.
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Furthermore, this HMI model is integrated into the equipment design process to ensure
compliance with Production System Design (PSD) requirements (Cochran, et al., 2017).
Design axioms and Functional Requirement—Design Parameter (FR—DP) pairs are employed
to guide the design of equipment and HMIs, resulting in systematic and efficient equipment

design that aligns with PSD objectives.

The Frogger Framework by Wensveen, Djajadiningrat, and Overbeeke (2004) is an
important tool that guides designers to design conforming interfaces for BL-0 and BL-1
activities, described in the previous section. The framework identifies six key aspects that
contribute to this intuitive coupling: time, location, direction, dynamics, modality, and

expression.

In a well-coupled system, the user's action and the machine's reaction coincide in time. There
is no noticeable delay between initiating an action and observing the corresponding machine
response. The reaction of the machine and the action of the user occur in the same physical
location, ensuring a seamless connection. The movement or direction of the machine's
reaction aligns with the user's action, providing consistency and predictability. The dynamics
of the reaction (e.g., speed, acceleration, force) are closely tied to the dynamics of the user's
action. Sensory modalities of the machine's reaction harmonise with the sensory modalities
of the user's action. For instance, touching and cutting with scissors not only provide tactile
feedback but may also produce audible and visual cues (Wensveen, et al., 2004). The
expression of the machine's reaction reflects the user's action. Users can express themselves

through their actions, and this is mirrored in the resulting machine function.

In the context of HMI design, the Frogger Framework offers valuable guidance for designing
interfaces that closely align user actions with machine functions. By considering the six
aspects and striving for unification, designers can create more intuitive and user-friendly
interactions. The framework encourages thoughtful feedback and feedforward mechanisms
to inform users about the effectiveness of their actions, thereby enhancing the overall user

experience.

Incorporating HMI principles into equipment design aligns with the overarching research
objective of enhancing the Karl Suss MJB3 mask aligner. By considering human factors and
effective HMI design, the upgrade module can be designed to improve the user experience,

operator efficiency, and overall equipment performance.
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3.2 Semiconductor Lithography

In semiconductor manufacturing, three processes are mainly responsible for the creation of
integrated circuits (IC)s: film deposition, patterning, and semiconductor doping (Mack,
2007). Film deposition entails the application of a uniform layer of material to a
semiconductor substrate. These layers have specific properties and are for example
conductive or insulating. Subsequently, lithography is employed to create a pattern on the
film. Etching is used to transfer this pattern into the wafer itself. Semiconductor doping is a
process used in semiconductor manufacturing to intentionally introduce impurities into a
semiconductor material to modify its electrical properties. By combining these various
components, billions of transistors are interconnected to form the intricate circuitry of

modern microelectronic devices.

Lithography is a pivotal process in integrated circuit (IC) fabrication, responsible for creating
intricate patterns on semiconductor substrates. It involves a complex series of physical and
chemical processes executed on a semiconductor substrate, typically silicon. These patterns
are the building blocks for modern microelectronic devices. The term ‘lithography’ can be
traced back to the Greek words ‘lithos’ (meaning stones) and ‘graphia’ (meaning to write)
(Mack, 2007). Within the field of semiconductor lithography, the ‘stones’ are substrates
(usually silicon wafers) and the ‘writing’ is facilitated by exposing photoresist to Ultraviolet
(UV) light. A thin layer of photoresist is spread over the substrate, and its role is to resist

etching after patterning, enabling accurate transfer of the pattern into the film.

In order to achieve these patterns, optical lithography is often utilised. This process entails
the depositing of photoresist, exposure to UV Light using a mask aligner, metallisation, and
finally etching. Figure 4 shows a simplified overview of the steps in the optical lithography

process, with more additional information provided below.
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(A) B) © (D)

(E) (®) @

FRP = A

Figure 4. Simplified patterning process, adapted from (Mullen & Morris, 2021).

A. Substrate Cleaning: This is the first step in the process. The substrate is
carefully cleaned to remove any contaminants, dust or particles that could
interfere with the following steps. The cleaning process often uses solvents,

acids and ultrasonic baths to ensure a flawless surface (Singh, 2018).

B. Photoresist Deposition: A thin layer of photoresist is deposited onto the
substrate using various methods after the substrate has been cleaned. It is a
light-sensitive material that can be chemically altered when exposed to
ultraviolet (UV) light and is classified as either positive or negative,
depending on whether exposure to light results in resist removal or retention.
Where positive resist becomes more soluble, negative photoresist becomes

less soluble when exposed to UV light.

C. UV Exposure: In this step, a mask that presents the desired pattern is aligned
using the mask aligner over the photoresist-coated substrate. UV light is then
shone through the photomask, exposing the photoresist. The areas of
photoresist that are exposed undergo a chemical change, depending on the

type of resist used.
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D. Post-Baking: After UV exposure, the substrate is subjected to a post-exposure
bake. This heating process helps to stabilize the chemical changes in the

photoresist and remove any remaining solvents.

E. Development: The development step involves putting the substrate in a
solution that dissolves unexposed or altered areas of the photoresist, leaving
the desired patterned areas based on the photomask. With positive
photoresist, exposed areas (where the UV light hit) are dissolved, while with

negative photoresist, unexposed (where no UV light hit) areas are removed.

F. Metal Film Deposition: A thin metal film is deposited onto the exposed
substrate. This metal film can serve as conductive traces or interconnects

between various components on the substrate.

G. Etching: Etching can be accomplished through various mechanisms,
combining chemical and mechanical processes to remove material not
protected by the lithographically produced pattern. Wet etch uses a chemical
solution to attack the underlying film, Reactive Ion Etching (RIE) employs
an ionized gas to physically bombard the material. ‘Lift-off” is another

mechanical process to clear excess material.

The lithography and etch pattern transfer steps may be repeated numerous times to construct
the intricate structures within a circuit. This might even be as often as 25 to 40 iterations for
a complex single circuit. To build up the various parts of the IC such as the conductors and

insulators, each pattern must be precisely aligned with previously created patterns.

The significance of lithography becomes apparent in two keyways. First, given the multitude
of lithography steps involved in IC manufacturing, lithography typically accounts for
approximately 30% of the total manufacturing cost of a chip (Mack, 2007). Second,
lithography often serves as the primary technical limitation for further advances in
performance of IC, as the decrease in transistor sizes are haltered by the lithography process.
Consequently, a careful balance between cost and capability must be struck when developing
a lithography process for manufacturing. While the difficult process of lithography is not the
only crucial process in IC manufacturing, it has historically posed as the largest barrier for

advancements in IC cost and performance.
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A mask aligner is a tool that enables optical lithography processes, used for manufacturing
microstructures down to 3 um in size (Motzak, k., Partel, S., Bramati, A., Hofman, U.,
Hennemeyer, M., Hornung, M., Heindl, A., Ruhland, M., Erdman, A. & Hudek, P., 2012).
These structures may seem large compared to the nanoscale manufacturing capabilities of

the state-of-art lithography machines utilising Extreme Ultraviolet (EUV) light.

“In contrast, 13.5 nm EUV lithography systems have the potential to reduce
the resolution to below 10 nm.” (Wagner & Harned, 2010)

However, the larger structures, and thus mask aligner lithography, still remain immensely
relevant. These larger structures hold significant importance in various practical
applications. These include the assembly of integrated circuits, the production of liquid
crystal displays, and the creation of micro-optical devices. In the client’s case study, the
mask aligner is used to fabricate sub-mount components for optoelectronic devices such as

laser diodes used in the telecommunication industry.

There are several types of mask aligners, the main differentiator being the distance between
the mask and the wafer. The two types are contact- and proximity lithography. The highest
level of detail is obtained when printing in direct contact, but this method requires frequent
mask cleaning and may result in additional defects (Vetter, A. Kirner, R., Scharf, T., Noell,
W., Rockstuhl, C. & Voelkel, Reinhard., 2018). Hence, proximity lithography is used for
high-volume production at the cost of resolution. Conventionally, the resolution can be
estimated using a rule of thumb when the wavelength A and gap g between the mask and the

wafer:

Resolution = /Axg (1)

In proximity lithography, the average gap is about 20 um. With the conventional light
sources being mercury lamps emitting broadband UV light from 300 to 450 nm, typically
the resolution isv/0.45x20~3 um. With contact lithography, the gap is down to the thickness
of layer of photoresist, typically 5 pm. Therefore, the resolution is typically

V0.45%5=1.5 pm.
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Figure 5. Shadows in proximity lithography.

The gap is of importance to the resolution as the UV light from the source is divergent.
Figure 5 shows an exaggeration of how the shadows from a divergent light source impact
the resulting resolution of the image. The more parallel the light passes through the mask,

the more accurate the image will be.

“An integral part of mask-aligner illumination is beam shaping, with the goal

to achieve uniform mask illumination” (Vetter, et al., 2018).

Next to usability and optical performance aspects, the upgrade module should consider
sustainability aspects as well. The optical lithography process requires a lot of chemicals,
many of which might be harmful for the environment (Jang, et al., 2019). Additionally,
energy consumption is an aspect that is becoming increasingly important. To assess the
viability of pursuing ‘green’ lithographic strategies, a Life Cycle Analysis (LCA) can be
used as a framework (Mullen & Morris, 2021).

LCA is a tool or methodology used to evaluate the environmental impact of a process,
product, or service systematically and quantitatively throughout the entire life cycle. This
entails the energy and materials consumed when sourcing the raw materials, production,
transportation, during its use, and eventually the product’s disposal. The approach is
essential in guiding the green transition in semiconductor production, particularly during the
research and design phase, to mitigate ecological impacts, reduce waste, energy costs, and

hazards.
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3.3 Summary of key literature

The design process follows Human-Machine Interaction principles. A model for interactions
between human operators and production equipment outlines there are several control
functions, including skill-based (BL-0), rule-based (BL-1), and knowledge-based (BL-2)
activities (Cochran, et al., 2017). The frogger framework may guide the design of interfaces
for BL-0 and BI-1 activities. It highlights six aspects: time, location, direction, dynamics,
modality, and expression (Wensveen, et al., 2004), aiming to create user-friendly

interactions and enhance the overall user experience.

In IC fabrication, processes include substrate cleaning, photoresist deposition, UV exposure,
post-baking, development, metal film deposition, and etching (Mullen & Morris, 2021).
Lithography is a critical process in IC fabrication, involving the creation of intricate patterns
created on semiconductor substrates through physical and chemical processes, using
photosensitive polymers (photoresists). Mask aligners are commonly used to create patterns
using UV light. Optical lithography contributes significantly to both costs and environmental
impact. Mask aligners enable optical lithography for manufacturing microstructures, with
different types like contact and proximity lithography. The resolution depends on factors

such as wavelength and gap, as well as the quality of the light beam.

Sustainability concerns arise from the use of chemicals and energy in optical lithography. A
Life Cycle Analysis (LCA) can be employed to assess the environmental impact of the entire

process, guiding the green transitions in semiconductor production.
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4 Feasibility assessment

Before development on the upgrade module can start, the feasibility of the project needs to
be assessed. This chapter will describe that process, starting off with benchmarking. Next to
that, the several stakeholders and the way they are involved in the project are mentioned.
Then, an observation study is described to further provide context to the current situation.
Using the results from the benchmark and observation study, design requirements are set.
Finally, these design requirements are discussed in unstructured interviews with various

stakeholders to investigate pitfalls and ultimately assess the feasibility of the project.

4.1 Benchmarking

The second part towards creating empathy for the subject is a benchmark; a tool that provides
insight in how a subject is performing compared to a desired standard and are often used in
research and development to identify areas for improvement. In the context of this work, the
benchmark methodology aims to assess the current state of the Karl Suss MJB3 manual mask
aligner system in order to establish a baseline performance for development of the upgrade
module. The benchmark will also serve as a reference point for evaluating the effectiveness
of the upgrade module in bringing the system up to modern standards. This section outlines

the steps and procedures for conducting the benchmark study.

First, available documentation about similar mask aligner systems is gathered in order to
retrieve information about the technical specifications. These similar systems are defined as
‘desktop’ manual mask aligners, where desktop specifies the size and use case. The
benchmark will include both modern and older systems as the market is quite small. These
technical specifications offer insight into today’s standards and thus enable the research to
identify limitations associated with the original system. With these insights, informed

decisions can be made about the direction of the development.

The benchmark will consider several factors but will be limited to what information is
available. One of these factors is of course the resolution. But as became evident in section
3.2 of the literature review, beam shaping is key to this. Therefore, this benchmark includes

the size and uniformity of the light, as well as the power density at the available wavelengths.
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Considering the ‘green’ lithography process goals, the power consumption is considered as
well. Finally, alignment accuracy, which in the case of manual mask aligners is dependent

on the mechanical precision, is also taken into account.

Data for five different mask aligners was collected online, using the technical specifications
as documented by the retailers. To ensure a fair and meaningful comparison, only data where
most of the systems had data specified was included (such as the case with resolution, where
contact lithography resolution was available for all), and units such as measurements were
converted to the most common one. The data is limited by the fact that the benchmark is
conducted using online resources. Only the Karl Suss MJB3 was available for real world
testing, and thus the gathering of its specific data is most complete and accurate. The result
of the benchmark is shown in Table 1. The table includes eleven specifications which are

explained below.

Table 1. Data gathered from the benchmark, including the specs from the Karl Suss MJB3
(Umed University, 2023), Karl Suss MJB4 (SUSS MicroTec, 2023), Klo¢ France UV-
KUB3 (KLOE-FRANCE, 2018), Polos MDA-400LJ (SPS-International, 2017) and
Tamarack 152 (The University of Memphis, 2023).

MJB3 MJB4 |UV-KUB3| MDA-400LJ | Tamarack 152
Resolution* 1.5 0.5 1 1 1 um
Alignment accuracy 0.2 0.1 1 1 um
0 resolution 1.00E-04 | 4.00E-05 | 1.00E-04 °
Max mask size 4 5 Sor7 5 2"
Max substrate size 3 3.94 4or6 4 4 2"
Wavelength 350-450** |250-450** | 365+5 365 nm
Divergence angle 2 6 °
Power density 15t0 25 35+ 10% 10 to 20 >45 (25 @ 365) | mW/cm?
Exposure uniformity 40 3.5 <3 <+ 6 %
Power consumption >200 - 350 180 500 \
* As specified for contact lithography
**Are available in several versions so that they only emit a specific wavelength such as 250, 365nm, and
405nm, etc. As well as broadband.

Resolution refers to the level of detail that a mask aligner can achieve when creating patterns
on a substrate. It's measured in micrometres (Lm) represents the minimum feature size the

aligner can accurately reproduce. Alignment accuracy indicates how precisely the mask
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aligner can position the mask and substrate in relation to each other. It is measured in
micrometres (um) and represents the margin of error in alignment. Angular resolution refers
to the smallest angular change the stage holding the substrate can rotate. It is measured in
degrees of rotation (°). Maximum Mask Size indicates the largest dimension of the mask that
the mask aligner can accommodate. The diameter of the maximum is expressed in inches
("). Maximum Substrate Size is similar to the maximum mask size; it specifies the largest
substrate dimension that the aligner can handle. It's measured in inches ("). Wavelength is
the specific wavelength of light, often in the ultraviolet (UV) spectrum, that the aligner uses
for exposing the photoresist on the substrate. It's measured in nanometres (nm). Divergence
angle measures how light spreads as it exits the aligner's optical system. A smaller
divergence angle indicates a more collimated beam. Power density represents the intensity
of the light expressed in milliwatts per square millimetre (mW/mm?) measured at the
substrate’s surface. Exposure uniformity measures the consistency of light intensity across
a given area, usually the entire substrate surface unless otherwise specified by the Uniform
Beam Size. It's expressed as a percentage and represents how much the maximum and
minimum values might differ from the average power density. Power Consumption: Power
consumption is the amount of electrical power the mask aligner consumes during operation.
It's measured in watts (W) and is important for understanding the energy requirements of the

equipment.

As can be seen in Table 1, the MJB3’s alignment accuracy and angular resolution are on par
or even beating the modern-day systems, only the Karl Suss MJB4 offers higher mechanical
performance. This confirms the idea that the mechanical design of the mask aligner can
handle the demands of today. In terms of the image resolution, the MJB3 offers slightly
worse performance hinting at the first area of possible improvement. Next to that, the
uniformity of the beam is an area of concern, severely hindering the yield as products might
not be exposed properly. A third area of improvement might be the system’s efficiency, as
the MJB3 power demand is quite high compared to today’s competitors. A severe
disadvantage is the fact that the MJB3 uses a 200-350 W mercury lamp. Modern systems
have become quite a bit more energy sufficient delivering higher power density while

consuming less power.

Overall, the MJB3 appears to have strengths in alignment accuracy and angular resolution,

indicating that its mechanical design can meet modern demands. However, there are areas
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such as image resolution, beam uniformity, and power consumption, where improvements
can be considered to enhance its performance and competitiveness with modern mask

aligners.

4.2 Stakeholders

The development of the upgrade module will happen mostly internally at the client. Given

the multidisciplinary nature of the project it is inevitable that there are several stakeholders

involved. Table 2 shows the several stakeholders and their involvement in the project.

Table 2. Stakeholders, their role and responsibility, and when they are involved in the

and pain points.

project.
Stakeholder Role and responsibility Involvement phase
Operators Provide feedback on current device usability Initial needs assessment

Participate in user testing and evaluation of

prototypes.

Development and testing

Process Engineer

Provide technical insights and constraints

based on system limitations.

Ensure proposed changes align with device

functionality and purpose.

Throughout development

Optical Engineer

Design and optimise the optical system for

improved performance.

Design and development

(External) Mechanical

Engineer

Design and engineer mechanical and structural

components when required.

Design and development

Industrial Designer

Map the insights and constraints from the
operators and process engineer, design and

realise the UI for improved user experience.

Initial needs assessment and
throughout design,

development, and testing

Design and realise the electronic circuit and

components.

Design and development

Management

Allocate resources, budget, and approve

project milestones.

Monitor project progress and address

economic and scheduling aspects.

Planning and execution
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As can be seen from Table 2, there are the operators who currently make use of the device
and shall also be the users of the upgraded device. They can offer valuable information about
general operation, procedures, and usability aspects. Similarly, the process engineer has a
key understanding of the technology, it’s limitations and what consequences there might be
to certain changes. An optical engineer will design the optical system. The mechanical
engineer is found externally in Van Spijk Instrumentmakerij BV, they will design and
manufacture the mechanics such as the lens holders and other structural components. Then
there is an Industrial Designer involved for the Ul and electronics. Finally, the client’s

management will have to consider the economical and scheduling aspects of the project.

4.3 Observation

The observation study aims to gain valuable insights into the real-time operational aspects
and user interactions with the Karl Suss MJB3 mask aligner. This qualitative research
method is essential for understanding the practical challenges and user experiences
associated with the current system, which will inform the development of the upgrade

module.

The participants for the observation study will include operators and the process engineer as
they are directly involved in the daily use and maintenance of the Karl Suss MJB3 mask
aligner at Mintres BV. Given the small size of the company and its personnel, the selection

for participants is limited to whomever is operating the system at the time of the observation.

The observation is conducted on-site during regular working hours to ensure a representative
view of the mask aligner's routine use. The research team observed the participants as they
performed tasks related to mask alignment, substrate preparation, and any other relevant
activities. The observations were unobtrusive, allowing for a natural workflow without

disrupting regular operations.

Detailed field notes have been taken during the observation sessions, documenting the
sequence of tasks, challenges faced by operators, and any noteworthy incidents. These notes
include information on equipment handling, user-machine interactions, and any spontaneous
discussions or feedback exchanged among the operators. The observation study span over

one batch production.
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Thematic analysis is employed to identify recurring patterns, challenges, and user behaviours
from the collected field notes. Themes are categorized into areas such as operational
efficiency, user experience, and identified pain points. The qualitative findings from the
observation study will complement other data sources, providing a comprehensive

understanding of the practical aspects associated with the Karl Suss MJB3 mask aligner.

The observation took place with an operator and the process engineer present. Immediately
upon entry into the production facility it was noticed that there are some unique conditions
that may be of relevance when designing for the upgrade module’s user experience. First of
all, to enter the clean room, one must wear special clothing so as to not spread dirt and germs
into the clean environment. This special clothing restricts the operators in their movement.
Additionally, the lighting in the lithography room is unusual. To prevent the photoresists
from premature exposure to UV light, the light in the room is filtered. This makes everything
in the room appear more yellow. Finally, there is quite a bit of background noise. Noise from

other production equipment, operators, and the air circulation system.

The order of operations for a typical production process utilising the mask aligner, presented
in Error! Reference source not found., was also insightful. The order of operations is split
into five sections, as for example batch production might not require the operator to go

through the start-up and switch off procedure each time a wafer is exposed.

Table 3. The typical order of operations during a production run using the Karl Suss MJB3.

Procedure Action Time

Start-up Switch on the light source 30-45 minutes
Turn on the mask aligner 5 seconds
Switch on the vacuum pump 5 seconds
Open the nitrogen supply 5 seconds

Per recipe Place the mask in the mask holder on the mask aligner 20 seconds
Set the exposure time 10 seconds

Per wafer Insert unexposed wafer 10 seconds
Align the wafer to the mask using the microscope 20 seconds
Fix the wafer position by applying the vacuum 5 seconds
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Table 3 continues. The typical order of operations during a production run using the Karl

Suss MJB3.

Procedure Action Time

Per wafer Bring the light unit forward 5 seconds
Start the exposure 5 seconds
Expose for the given amount of time 90 seconds
Return the light unit to its resting position 5 seconds
Switch off the vacuum 5 seconds
Remove the exposed wafer 10 seconds

Wrap up Remove the mask from the mask aligner and store it 20 seconds

Switch off Close the nitrogen supply 5 seconds
Switch off the vacuum pump 5 seconds
Switch off the mask aligner 5 seconds
Switch off the light source 30 minutes

It became apparent that the start-up and switch off time is quite an important aspect for the
upgrade mode to consider. Currently, the mercury lamp requires long warm-up and cool-
down time of at least half an hour for each. This makes it so that the mask aligner consumes
a lot of power even when it isn’t exposing UV light to a substrate. Secondly, the operator
must always plan ahead during the production process as it takes a while before they can use
the mask aligner. Thirdly, UV light can be dangerous when the skin or the eye is exposed to

high intensity rays, and thus it’s presence should be minimised to reduce the risk of un.

4.4 Design requirements

The design requirements define the essential criteria that the upgraded Karl Suss MJB3 mask
aligner system must meet to enhance its performance and align it with modern standards.
These requirements are derived from the benchmarking results and are essential for guiding
the design, development, and evaluation of the upgrade module. Next to the benchmarking
results, the observational study as well as the interviews with operators and the process

engineer have been taken into account, specifically for the operational requirements.
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4.4.1 Technical requirements

The technical requirements focus on the performance and technical specifications that the
upgraded mask aligner must achieve. They encompass factors related to precision,

resolution, and efficiency.

The current industry standard for contact lithography is <1 micron. The upgrade module
should be able to match or exceed this. Therefore, required image resolution in contact
lithography is between 0.5 and 1.0 micron. Since the process engineer stated that currently
nor in the future no proximity lithography takes place at Mintres BV, no design requirement

for this mode's resolution is set.

The current mechanical design still matches the accuracy of modern manual desktop mask
aligners. For that reason, improving the mechanical design shall not be in the scope during

the development of the upgrade module.

The benchmark has shown that today’s standard for the beam uniformity is between 3.5%

and 6% variance. The upgrade module must meet this specification.

during the interviews it became apparent that the mask aligner is also used for 3” square
wafers and that the lack of uniformity of the beam makes it so that products on the substrate
are not properly exposed. This with the result that especially the corners of the square were
significantly underexposed, leading to poor quality or even failed products located at those
locations. The upgrade module should alleviate this problem by providing a uniform beam

that covers the entirety of the 3” square wafers with less than 6.5% variance.

The power density in the uniform beam diameter has proven to be sufficient for the current
processes. Despite this, state of the art mask aligners have become significantly more
powerful. Higher power density of UV light might lead to quicker exposure times and thus
increased production efficiency. Consequently, increasing the power density to 35 mW/cm?

is the target for the upgrade module.

According to the production engineer, the current broadband UV light of 300nm to 450nm
works great for the types of photoresists used during the production processes. The positive
and negative resists are most reactive at a wavelength of 350nm. Therefore, the light from

the new UV light source should be most intense around this specific wavelength.



31

Given the goal of greener lithography process and the upgrade not likely to alter the amount
of chemicals consumed, special attention should be paid to the power consumption of the
upgrade module. Especially the energy efficiency can greatly be improved, limiting the light

to be on only when a substrate is being exposed for example.

4.4.2 Operational requirements

Operational requirements address aspects of usability, maintenance, and reliability,

contributing to the overall user experience and system uptime.

The Ul should be easy to learn and remember, thus intuitiveness is key in the design of the
upgrade module. Additionally, the operator should be able to monitor the systems parameters
without being overwhelmed with information. The feedback from the machine should be
easy to understand, even in an environment that has both unusual lighting conditions (the
room looks yellow as light is filtered to avoid premature UV exposure) and a lot of
background noise (ventilation and other equipment in the clean room). Keeping the new
process as much similar to the original process will minimise the amount of operator training

required, speeding the process of integrating the upgrade module into the production process.

Though the benchmark has not provided insights into the maintenance requirements of
competing mask aligner systems, both the literature review and the operator interviews did
produce some understanding. Contact lithography requires a lot of cleaning of the masks.
With a higher resolution available during proximity lithography, the need for contact
lithography, and thus cleaning, might decrease. Next to that, the lamps are considered as
‘consumables’ and need to be replaced somewhat regularly. Hardly any other maintenance
is required, and the upgrade module should definitely not contribute towards more

maintenance.

Another thing that was looked over in the benchmark but became abundantly clear during
the observational study is the setup and shut down time of the mask aligner system’s lamp.
This costs both a lot of energy as well as productiveness as one out of the eight-hour workday
is already used up during these procedures. The upgrade module should be set up so that it

can be used instantly.



32

4.4.3 Compatibility requirements

Compatibility requirements address how the upgraded system should interact with existing
processes and equipment within the optical lithography process, and the current design of

the Karl Suss MJB3 specifically.

The Ul and operator training requirements already specified to make the human aspect of
the integration into production process go as swimmingly as possible. The maintenance

requirements should allow for efficient scheduling and carrying out maintenance tasks.

The nature mechanical design should stay the same, as its modularity provides ample of
opportunities to make alterations. These changes should not come at the cost of structural
integrity and alignment accuracy. The optical inspection and alignment tools such as the

split-field microscope should remain untouched.

4.4.4 Safety requirements

Last but not least, the upgrade module should be safe. Therefore, safety requirements are

drawn to ensure that the resulting design has considered these factors.

The system makes use of UV light which is harmful to the human body when high intensities
are exposed. UV light might induce damage to DNA and play a role in melanocytic and non-
melanocytic skin cancer (ICNIRP, 2004). Next to that, UV rays can also modify lens proteins
leading to cataract formation, which in turn leads to blurry or decreased sight. The risk with
UV light is that it is outside of the visible spectrum. For that reason, the eyelid reflex does
not work. ICNRIRP have defined daily exposure limits for the general working population.
The benchmark has shown that modern machines are capable of reaching around 30
mW/cm?. An operator is allowed to be exposed to this intensity for only one tenth of a second
per day. Consequently, an operator should never be able to get near the wafer or earlier in
the UV light’s path while the mask aligner is exposing. Light needs to be blocked from
leaking. Reflections from the wafer pose less danger as this light is not coherent and won’t
reach these extreme intensities, especially when the distance between the operator and the
wafer increases. Nevertheless, these reflections should be minimised from leaking out as

well.
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The upgrade module is an electronic device. It must be provided with power safely and
handle the voltages and currents without posing any danger to the operator and the rest of
the facility. Electrical components within the upgrade module should be designed to handle
the specified voltages and currents safely. Clear specifications for the permissible voltage
ranges and current limits must be outlined in the system documentation. Overcurrent and
overvoltage protection devices such as fuses must be utilised. This will prevent electrical
components from experiencing conditions beyond their designed capacities which is crucial

for avoiding electrical fires and damage to the equipment.

4.4.5 Key design requirements

The outlined design requirements serve as a comprehensive foundation for the development
of the upgraded Karl Suss MJB3 mask aligner system, balancing technical prowess with

operational ease, compatibility with existing processes, and safety measures.

The technical requirements focus on precision, resolution, and efficiency. The upgraded
mask aligner must achieve or exceed industry standards, including an image resolution
below 1 pm, an alignment accuracy of 0.2 um, exposure uniformity below 6.5% variance, a
uniform beam size larger than 3" by 3" squared, a power density higher than 35 mW/cm?, a
wavelength between 350 - 400 nm, and power consumption below 150 W. The technical

design requirements are also presented in Table 4.
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Table 4. Summary of technical design requirements.

Contact Image resolution Below 1 um

Alignment accuracy 0.2 pm

Exposure uniformity Below 6.5% variance
Uniform beam size Larger than 3*” by 3°” squared
Power density 30 mW/cm?

Wavelength Between 350 - 400 nm

Power Consumption Below 150 W

Operational requirements emphasise usability, maintenance, and reliability. The UI should
be intuitive, interpretable in challenging environments, and require minimal training.
Maintenance should remain consistent or decrease, particularly in terms of mask cleaning
and lamp replacement. The setup time should be less than one minute. A summary of the

operational design requirements can be found in Table 5.

Table 5. Summary of operational design requirements.

User interface Be simple, reduced to only the necessary information.

Interpretable in loud and ‘yellow’ room.

Maintenance Same amount of mask cleaning, no more lamp replacement and calibration

Set up time Less than one minute

Compatibility requirements address integration into the production process and the existing
design. The upgraded system should smoothly integrate into the production process with a
user-friendly interface and efficient maintenance. The mechanical design and optical tools,

such as the split-field microscope, should remain unchanged.

Safety requirements ensure the safe use of the upgraded system. Protection from harmful
UV light exposure is critical, with the upgrade module designed to prevent operator exposure
beyond defined limits. Electrical safety measures, including safe handling of voltages and
currents, overcurrent and overvoltage protection, and clear system documentation, are

essential for preventing hazards.
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The integration of these criteria into the design, development, and evaluation phases ensures
that the upgraded module aligns with modern standards, enhances performance, and

prioritizes user safety and experience.

4.5 Unstructured interviews

The objective of the feasibility assessment is to determine the practicality and viability of
developing an upgrade module for the Karl Suss MJB3 manual mask aligner system to bring
it up to modern standards. The assessment will cover the technical, economic, operational

and safety requirements described in section 4.4

The unstructured interviews are conducted with key stakeholders involved in the operation,
maintenance, and development aspects of the Karl Suss MJB3 mask aligner. The goal of
these interviews is to gather in-depth insights, perspectives, and tacit knowledge from

individuals with diverse roles, in order to assess the project’s feasibility.

Interview participants have been selected to ensure a comprehensive understanding of the
mask aligner's performance and potential upgrade requirements. Participants include one
operator with hands-on experience, one process engineer responsible for production
workflows, one optical engineer with expertise in system optics, and one mechanical
engineer specialising in precision equipment mechanics. The selection provides everything

needed to capture a holistic view.

The unstructured interviews follow a conversational and exploratory format. The absence of
arigid interview structure allows for flexibility and encourages participants to freely express
their perspectives, concerns, and recommendations regarding the Karl Suss MJB3 mask
aligner. The interviews are semi-directed, with open-ended questions designed to elicit
detailed responses about the equipment's performance, challenges faced, and expectations

for improvement.

During the conversation-like interviews, detailed notes were taken to document non-verbal
cues, contextual details, and any follow-up questions that may arise during the conversations.
Thematic analysis will be applied to identify recurring themes, patterns, and nuanced

insights from the unstructured interviews. The qualitative findings will be synthesised to
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create a comprehensive narrative, providing valuable input for the upgrade module

development.

The conversation with the process engineer sparked a lot of enthusiasm. Based on his
experience, the process engineer believes that the upgrade module could address some of the
current system’s limitations. Especially improvements in regard to the start-up and shut-
down time, as well as increasing efficiency with shorter exposure durations with higher and
more uniform power density. Most importantly would be the light’s uniformity and
coherence as these will affect the yield and image resolution. To his knowledge, acquiring
good results in this aspect might be challenging, though he admitted that he was certainly no

expert in the matter of optical design.

Interviewing the optical engineer was very promising. When the optical engineer took a look
at the original design, he called it “quite a simple system,” and said that it would not be too
hard to achieve the specifications when using the proper tools. One challenge that did come
to mind, was to consider keeping the costs low especially considering the low complexity of
the system. Many tools and solutions that he would normally use would be too expensive
and profusely abundant. Nevertheless, the optical engineering should not be too difficult and

present some interesting problems where creative solutions must be found.

Discussing the project’s feasibility with the mechanical engineer once again resulted in
happy thoughts. As was already explored earlier on in the work, the mechanical engineer
also concluded that the Karl Suss MJB3’s modularity would come in handy when designing
and integrating the upgrade module. There are plenty of (still empty) standard threaded holes
already present which can be used to mount certain components, without even the need of
modifying the original design. The mechanical engineer was curious about the optical
engineer’s comments and told that mounting optical hardware should not pose any real

challenges when using off the shelf components.

The interviews with key stakeholders suggest an overall positive outlook on the feasibility
of the project. There is consensus on the modularity of the existing MJB3 system being
advantageous for the integration of the upgrade module. While acknowledging potential
challenges, the experts express confidence in addressing them. The enthusiasm and positive

assessments from the interviews indicate that the project is likely feasible.
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5 Prototype Development

This chapter will present the prototype development. These designs are presented in the
order in which they were developed, starting with the optical design, followed by the
mechanical design and later the user interface. When relevant, the sections will start by
taking a look at the original design and then discuss the considerations that were made to

ensure the design requirements are met.

5.1 Optical design

First of all, the developments in the optical design will be mentioned as these are both
incredibly important to reach the technical requirements and have a large impact on the rest
of the development process. For this, it is important to look both at the original design and

then take a look at the upgrade module’s design.

5.1.1 Original design

As per the design requirement, the upgrade module should seamlessly integrate into the
original system. Before this is possible, it is important to understand the present design. The
design is shown in Figure 6 and includes a complex set of lenses to manipulate the beam’s
properties and achieve the desired optical performance. Next to that, the light path takes two
perpendicular turns. This in order to make way for the optical inspection tools such as the

split field microscope and its corresponding lighting equipment.
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Figure 6. Schematic of the original Karl Suss MJB3 optical design adapted from (Umea
University, 2023). (1) Lamp, (2) Ellipsoidal mirror, (3) Coldlight mirror, (4) Fly's eye
lense, (5) Condenser lense, (6) Frame for filters, (7) Diffraction reducing lense plates, (8)

Turning mirror, (9) Front lense.

The new design must fit in the same space and light should exit using roughly the same path;
thus, the turning mirror (8) will remain put. However, the other optical components will not
be compatible with a new light source and must be cleared. This will free up space in which

the new optical design can be implemented.

5.1.2 Upgrade module’s optical design

Most importantly to the upgrade module will be light source. As per the design requirements,
high power, low maintenance, and energy efficiency are key. Hence the choice for a high-
power UV LED array to be used in the module. As the exact requirements such as the
wavelength and power are not yet known for the purposes at the production facility, extra
emphasis is put on modularity. For that reason, products from Luminus Corp shall be used,

as they offer a platform that enables testing several LED sources using the same high power
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LED driver. The case study explores three different UV LED sources, each with different

specs (Mouser Electronics, 2023). Their defining characteristics are listed in Table 6.

Table 6. UV LED sources and their specifications.

UV LED source Peak wavelength Min. nominal flux
CBM-120-UV-X31-1365-22 365 nm 9.1W
CBM-120-UV-X31-M380-22 385 nm 133 W
CBM-120-UV-X31-L400-22 405 nm 12.1 W

Though the UV-LED modules fulfil the aforementioned requirements such as power,
efficiency, and maintenance perfectly, they lack in optical precision. The light emitted by

such arrays is far from parallel and uniformity cannot be guaranteed either.

The light from the UV LED is highly divergent, which can be corrected. For divergent light
rays, one or a combination of several collimation lens(es) should be picked. Ansys Zemax
OpticStudio is a program that simulates optical systems (Ansys, 2023), and is used to choose
the right combination of lenses. Using the specifications of a given lens, such as the diameter,
Effective Focal Length (EFL), and the type/radii, the program is able to calculate how light

rays are refracted or reflected.

Figure 7 shows the result of the simulation with the chosen combination of lenses, consisting
out of two lenses from Edmunds Scientific, their specifications are listed in Table 7. These
lenses are placed in close proximity to the UV LED source to capture as much light as

possible.

Table 7. The lenses used in the optical system, and their specifications (Edmund Optics,

2023a) (Edmund Optics, 2023b).

Lens Diameter | EFL | Type Coating
Edmunds #89-189 30 mm 60 Double-convex Broadband AR for UV-VIS
Edmunds #88-762 50 mm 100 Plano-convex Broadband AR for UV-VIS
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Figure 7. Zemax OpticStudio simulation with rays traced through the system.

In Figure 7, on the right side the UV LED source and the two lenses. In the middle a tapering
light guide, and on the left side the original turning mirror. The orange line at the bottom
represents the surface of the wafer. The coloured lines in the image represent the light rays
traced through the system. This part of the module has been given the name of ‘light guide’
as it guides the light towards the turning mirror. It was placed between the source and the
wafer, such that the full 3” wafer area is illuminated at the exit of the light guide. Tapering
provides for improved collimation because the exit side dimensions of the guide are larger

than the entrance side. Figure 8 shows a schematic of the updated optical design.

—

Figure 8. The upgrade module's optical design (1) UV LED array, (2) Double-convex

lense, (3) Plano-convex lens, (4) Light guide, (5) Folding mirror
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The light guide has Al walls to get high reflectivity. Originally the intention was to sputter
coat glass plates with Al. For manufacturing reasons, the walls were made from folded Al
alloy plates with Al baking foil attached to them using double-sided adhesive tape. The
highly polished side of the baking foil is used as the reflecting side.

Although the illumination is quite uniform at the exit of the light guide, there is a significant
deterioration of the uniformity due to the use of a 90° folding mirror, which is part of the
original design of the mask aligner, and which could not be removed for space reasons. The
resulting irradiance has somewhat degraded performance. Figure 9 shows a false-colour plot
of the simulated illumination of a square 3” wafer area. It looks fairly uniform but especially
in the upper corners some reduction of the average irradiation is visible. Meanwhile, the
lower half one sees some excess irradiance as witnessed by the higher density of red pixels.
Still, the design seems to meet the requirements of uniformity needed for the exposure of the

resist.
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Figure 9. Incoherent irradiance on the substrate's surface from Zemax simulations of

optical setup. Units are in mm.
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Figure 10. Angular distribution of light flux on wafer. Units are in degrees.

The angular distribution of the light on the wafer is important because, together with the
distance between the mask and the wafer, it determines the sharpness of the features that can
be printed and thereby the resolution of the lithography. It is seen that the incident angles do
not exceed 15 degrees in X- and Y-directions. Together with an estimated max. distance of
5 wm between wafer and mask this leads to a blurring of the edges of no more than +/- 1.35
um, i.e. a resolution of 2.7 um. Using the calculated value for the full width at half maximum
(FWHM) of the angular distribution (approximately 20 degrees) the resolution would be

approximately 1.8 um.

5.2 Mechanical design UV LED source assembly

With the optical design at the ready, the mechanical design could be considered. In
collaboration with the optical engineer and the mechanical engineer, the UV LED source
assembly was conceptualised. As mentioned in section 4.2 about the stakeholders, this part

was a collaboration between Mintres BV and Van Spijk Instrumentmakerij BV.

The UV LED source assembly houses the UV LED, its driver, the light guide, and the lenses.
The metal parts for the UV LED source assembly were designed and manufactured by Van

Spijk Instrumentmakerij BV, and the mechanical design is shown in Figure 11. It consists
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of a mount for the electronic driver circuit (8) and the UV LED array (7), held close by the
double lens condenser (2 and 3), together with the tapered light guide (18). The assembly is
held in place inside a square aluminium tube (9), which slides inside the mask aligner.
Cooling for the array and the driver is provided by 2 fans and air flow is guaranteed by
through holes in a second, detachable, square aluminium tube (14), which also holds a three
dimensionally (3D) printed orange-coloured plastic rear cover plate (17), designed and

manufactured by Mintres BV’s industrial designer.

| Rer. | Oare Heme Dezcription Appravea

@

6-G(1:3) m
%i -
%

" A

T [Refection ruse ‘Aluminum CEEETT =

MIS023-20
CEEERT]
[EEERT]
CEEER
IS0 18
IS0
IS0
[ECEERE]
Tupe 10 250232t

HRSTZE
5023 gt
1502308
ST 236
HESTAAT
SIS
ST,
WESI2303
Dimension | Part hr. Remarks

Assembly 12 A3

T
Walter 25-1-203
LED source Mask aligner e

PO

E

R

Copyright in this drawing vests in Van Spik instrumentmaker] BV

SEE 16e1""M250123-00

Figure 11. UV LED module mechanical assembly.

The light guide (18) itself consists of two folded aluminium alloy plates, which are held
together in a tapered configuration by brackets on the outside. On the exit side of the light
guide the side faces of the plates extend towards the 45° angle of incidence folding mirror.
Light is reflected downwards by the mirror, towards the wafer. (Note that the middle cross

section G-G in Figure 11 is shown upside down). High optical reflectivity of the light guide
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is assured by applying aluminium baking foil onto the aluminium alloy plates using double

sided tape.

5.3 LED driver and control unit

The optical design and accompanying UV-LED source are only good when they can be
operated and controlled by production workers. To ensure that this is possible, an LED driver

and a control unit have been developed which will be further explained in this section.

5.3.1 Consideration of HMI principles

In order to maintain and make use of the Karl Suss MJB3’s modularity, the upgrade module’s
LED driver and array receive a separate control unit. However, this separation must not
interfere with the seamless integration. Hence, the control unit must be aware of what’s
going on both in the LED and its driver as well as in the rest of the mask aligner and provide

fitting information and ability for action.

For the operator, skill-based BL-0 and rule-based BL-1 HMI principles should be
appropriately applied. BL-0 skills should change as little as possible from the original

workflow. With the original mask aligner, the operator sets the time and

BL-1 rules require the ability to monitor the system’s status and operate it under safe and
constant conditions. Safety is important for obvious reasons; the operator must not get hurt
by the machine, nor should they be able to break the machine. Constant conditions are
important to guarantee the successfully tried and tested production process is followed. To
achieve this, there are two important values that the LED driver provides: temperature of the
UV LED junction, and the current supplied to the UV LED array. These values must always
be shown when power is provided to the LED driver, so that the operator may check these
and act accordingly. The current supplied to the UV LED can be adjusted on the LED driver
but this should only be done by the process engineer, as the operator does not need to

understand what effect this might have on the lithography process.
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5.3.2 Control unit and UV LED source assembly back panel

Exposure of the wafer is controlled from an off-white polycarbonate box, shown in Figure
12 and Figure 13, that can be placed on top of the main control section of the mask aligner.
The polycarbonate box has controls mounted on its front side and connects to the UV LED

source as well as the mask aligner itself from connections on the back side.

Temp: ....C
. Current: .... A
Pulse: ....s
J

Figure 12. UV LED control unit's user interface.

The UI consists of a rotary encoder (1) that is used to set a timer, a button (2) that is used to
start the exposure, a display (3) that shows relevant data about the UV LED operation, and
a power switch (4). These are located at the front face of the bottom part of the control unit.

The UV LED driver cannot turn on without the control box.

O 06

Figure 13. UV LED control unit's rear.
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The back panel is where the device gets its power, and where the connections to the UV
LED driver and microswitch are made. There is a C14 connector with integrated fuse holder
(1), two banana sockets (2, black = 0V, red = +12V), a 3.5mm socket (3), and a DB9
connector (4). The C14 connector accepts a C13 (female) power cable, which provides mains
power to the device. The two banana sockets are connected to the banana sockets on the back
panel of the UV LED source assembly shown in Figure 14. The 3.5mm socket receives a
3.5mm jack that is connected to a normally closed microswitch (C and NC pins are wired
up). The microswitch is located on the mask aligner so that the control unit can keep track
whether it is in the exposure or alignment position. A DB9 cable also runs between the

control unit and the back panel and makes sure communication between them takes place.

@

L

® 6

Figure 14. UV LED source back panel.

An orange plastic plate caps off the rear end of the UV LED source assembly. This cap holds
the DB9 connector (1) and banana connectors (2). The banana sockets are on the bottom
face, color coded similarly to the ones on the back side of the control unit (red =+12V, black
=0V). Next to the connectors, a turning knob (3) can be located on the cap. This may not be
present during normal operation to prevent anyone from changing the settings, as this turning
knob controls the current through the UV LED array. By turning the knob clockwise, the

current increases. Turning it anti-clockwise will decrease the current.



5.3.3 Interaction design

47

This section explains how to operate the mask aligner with the UV LED upgrade module

installed. First, the typical order of operations is listed to provide context. Then, the User

Interface and the interaction with it is explained.

Table 8 presents a step-by-step procedure outlining the order of operations for a typical

production process utilizing the Mask Aligner with the upgrade module installed. Similarly

to Error! Reference source not found., the order of operations is split into separate sections

as batch production might not require the operator to go through the start-up and switch off

procedure each time a wafer is exposed.

Table 8. The updated order of operations during a production run.

Procedure

Action

Figure

Start-up

Switch on the Mask Aligner

Turn on the vacuum pump

Open the nitrogen supply

Switch on the control unit

Figure 15

Per recipe

Place the mask in the mask holder on the mask aligner

Set the exposure time

Figure 16

Per wafer

Insert unexposed wafer

Align the wafer using the microscope

Fix the wafer position by applying a vacuum

Bring the light unit forward

Start the exposure

Figure 17

Return the light unit to its resting position

Remove the unexposed wafer

Wrap up

Remove the mask from the mask aligner and store it

Switch off

Switch off the control unit

Figure 18

Close the nitrogen supply

Switch off the vacuum pump

Switch off the mask aligner




48

Figure 15 through Figure 18 show the interface located on the control unit which was shown
in Figure 12. These figures show the interaction at a specific action within the updated order
of operations during a production run, shown in Table 8. The figures are meant to be read
from top to bottom, with the top image presenting the first state of the interface, middle
images showing user input and the system’s feedback, and the lowest image shows the final

state of the interface within that interaction.

Click!

Current: .... A

Pulse: 000.0 s

Figure 15. Switch on the control unit.

To turn on the device, the ‘I’ must be pressed. The button lights up instantly, the OLED
display takes half a second longer. Text is visible on the display and a timer for the pulse

may be set.



Click!

\ |

Figure 16. Setting the exposure time by controlling the pulse length.

Temp: .... C
Current: .... A

v
Pulse: 000.0 s

Temp: ....C
Current: .... A

v
Pulse: 000.0 s

Temp: .... C
Current: .... A

Pulse: 000.0 s

Temp: .... C
Current: .... A

Pulse: 001.0 s

Temp: .... C
Current: .... A

Pulse: 008.0 s

Temp: .... C
Current: .... A

Pulse: 008.0 s
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The timer can be set using the rotary encoder. By turning the knob, a triangle will float above

the numbers to indicate a digit. The position of the triangle changes by turning the knob

further. By pressing the knob while hovering over a certain digit, the value of that specific
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digit may be changed. The knob is turned clockwise to increase the value of the digit,
counterclockwise to decrease the value of the digit. The digit can have a value between 0
and 9. Pressing the knob again will confirm the current value of the digit and allows for
navigation to the other digits. The total value of the timer is displayed in seconds, as indicated

by the s behind the numbers.

From this moment, the mask aligner may be brought to its exposing position. A noisy fan
will start spinning and, on the OLED screen, the temperature and current are accurately

displayed.

Temp: 25.1 C
Current: 9.8 A 8

Pulse: 008.0 s

Temp: 32.7 C

Current: 9.9 A
Time left: 8s

Pulse: 008.0 s

D)
ep-
((( BeeP Temp: 26.3 C
. Current: 9.8 A
Time left: os

(((Beep! ))) Pulse: 008.0 s

Temp: ....C
’ . Current: .... A 8

Pulse: 008.0s

Figure 17. Start of exposure end of exposure.

To turn on the UV LED for the specified duration, the red round button located in between
the display and the rotary encoder is pressed. A new line of text will appear, counting down
the number of seconds left on the timer. After the timer has run out the LED will turn off

automatically. A buzzer will start making noise to notify the operator that the timer has run
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out. This buzzer will switch off when the device is in its back position, or when the UV LED

is turned on again.

Temp:... C
Current: .... A

Pulse: 008.0s

Figure 18. Switching off the control unit.

To switch off the control unit, press the ‘O’ on the switch. The switch’s light will go off
instantly, the display might take a bit longer.

5.4 Installing the protype

With these designs ready and manufactured it came time to install them. The result of the
manufactured design consists out of two parts which can be slid right into Karl Suss MJB3
after the old light source has been removed. Figure 19 shows the two parts before they are

installed. The result of the installation can be seen in Figure 20.

Figure 19. The upgrade module before installation in the Karl Suss MJB3.
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Figure 20. Finished prototype of the upgrade module installed in the Karl Suss MJB3.

The first time performing the procedure of upgrading the Mask Aligner took about four hours
with two persons. This process might be sped up when the personnel become more familiar
with the installation procedure. The control unit in the polycarbonate box fits nicely up on
the plateau of the original system’s control unit and interface. It is also strong enough to hold
the box that is used to monitor the pressures of the pneumatics on top of it. The light guide

is a direct replacement for the original light source.
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6 Prototype Testing

With the final prototype ready, it's time for real-world testing to confirm its success. These
tests will also identify any necessary refinements before integrating the upgraded system
into the production process. Additionally, this chapter will assess the prototype's user

experience.

6.1 Proof of concept’s optical performance

The first tests performed with the prototype were to proof the concept. The conducted tests
helped to identify the optimal process parameters for the Mask Aligner MJB3 using the
upgrade module with a LED light source. The objective was to establish a process
comparable to the standard process on the Mask Aligner MJB3 equipped with a UV Hg arc

lamp.

Two sets of experiments were designed and performed. The tests will require both the
original as well as the upgraded Karl Suss MJB3 mask aligners. Before the tests can
commence, the light intensity at the substrate’s surface needs to be measured. With this, the
exposure dose can be calculated. The assumption is made that the same exposure dose will
result in the same exposure-cure, which will provide a metric with which an apple’s-to-
apple’s comparison of the optical performances between the two machines can be made.
However, verification can only be done on production items. Both experiments were

designed and performed with the aid of the process engineer.

The first experiment will look to imitate the process that creates a good ‘lift-off” profile. For
this, an undercut between the top and bottom surface of the photoresist is required. With a
thickness of 4 to 5 microns, the optimal undercut is 2 to 4 microns. Any undercut bigger than
1 micron and smaller than 8 microns is acceptable. First the standard procedure has been
performed once with the original mask aligner. Then, the upgraded module has been used
multiple times, both above and below the exposure dosage of the standard procedure.
Finally, the undercut from these experiments were measured. These results were then

analysed and a conclusion about the performance followed.
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Table 9. Results of the undercut experiment.

Wafer number | Light source Exposure Light intensity | Exposure Dose | Under-cut
Time (s) (mW/CM*"2) (mJ/CM*2) (um)

1 | Hg Arc lamp 259.3 13.9 3604.27 5
2 | LED 365nm 30 30 900

30 - - - - -

4 | LED 365nm 66 30 1980 3
5 | LED 365nm 120 30 3600 2.5
6 | LED 365nm 180 30 5400 2.5
7 | LED 365nm 240 30 7200 2
8 | LED 365nm 300 30 9000 1

The exposure dose for the optimal polymer-cure on the standard Mask Aligner MJB3 with
UV Hg arc lamp is 3600 mJ/CM? (259.3 seconds). The exposure time for the mask aligner
with the LED light source must be 120 seconds to meet the same exposure dose. As can be
seen in Table 9, the undercut of the original process is slightly bigger than optimal, yet still
acceptable. The upgraded machine was also able to create acceptable undercuts, with some
results even within the optimal range. It may be noted that exposure times are significantly
shorter with the LED light source. Additionally, the uniformity across the substrates’ entire

surface was much better with the upgraded mask aligner.

The second experiment made use of a mask which contained a total of 41 levels of
transparency (shall be referred to as greyscales henceforth). The transparent parts of the
mask will keep resist un-developed while the opaque mask will let the resist fully develop.
There are three values which can be measured and compared: Maximum clear greyscale
(where all photoresist is developed), Minimum undeveloped greyscale (where the
developing process of the resist did not start), and the contrast (maximum clear greyscale
minus the minimum undeveloped greyscale). For the maximum greyscale, any result less
than 27 is optimal, less than 41 is a must. For the minimum greyscale any result more than

13 is optimal, anything higher than 1 is a must. With the contrast, 13 would be ideal.
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Wafer Light source | Exposure Light Exposure Grey scale Grey scale
number Time (s) intensity Dose to clear not
(mW/CM*2) | (mJ/CM*"2) developed

1 | Hg Arc lamp 51.9 13.9 721.41 | 5-7/41 0/41

2 | Hg Arc lamp 259.3 13.9 3604.27 | 23-27/41 15/41

30 - - - - - -

4 | LED 365nm 30 30 900 | 13/41 0/41

5 | LED 365nm 60 30 1800 | 20/41 3/41

6 | LED 365nm 120 30 3600 | 26/41 9/41

7 | LED 365nm 240 30 7200 | 35/41 11/41

Table 10 shows the greyscales to clear as well as the grey scales not developed under several
exposure doses from both the original and LED light sources. The results show that the LED
light source is able to get the results that match the requirements for a successful process.
Exposure doses up to 120 seconds remain under the optimal result, but the optimum
minimum greyscale bar was not reached. Still, with 120 seconds of exposure photoresist
under plenty of greyscales did develop, and the total contrast is 15 which is fairly close to

the ideal score of 13.

With the results from both these tests in, it can be stated that the upgraded mask aligner
significantly outperforms the initial light source of the Karl Suss MJB3. The first test yielded
optimum results with overhangs of 2.5 microns with the same exposure dosage as the
original system provided. Next to that, the 3600 mJ/CM? exposure dose also yielded great
results for the greyscale test. This means that the original processes do not need to be altered
much except for the exposure times, as the increased light intensity provided by the LED

light source results in quicker delivery of the same exposure dose.

6.2 User experience and feedback

Given the small sample size of operators who have worked with the device, it was
undesirable to quantitatively test the user experience using a survey. Similar to the final part
of the feasibility study, it was opted to investigate the final prototype’s user experience using
unstructured interviews. Though a detailed description of the methodology of the
unstructured interviews has already been provided in section 4.5 , a short recap as well as

the alterations shall be presented here.
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The unstructured interviews are conducted with the key stakeholders involved in the
operational aspects of the Karl Suss MJB3 mask aligner. The interview participants were
selected based on their experience with both the original as well as the upgraded machine
and include two operators and a process engineer. The goal of these interviews is to gather
in-depth insights, perspectives, and knowledge from the individuals so that a clear picture of
the recognised changes in the user experience may be formed. The unstructured interviews
for the Karl Suss MJB3 mask aligner employ a flexible, conversational approach. This
format encourages participants to freely share their perspectives and concerns. The semi-
directed interviews use open-ended questions to gather detailed insights on user experience,
challenges, and observed improvements with the equipment. Detailed notes were taken
during conversation-like interviews to capture non-verbal cues, contextual details, and
potential follow-up questions. Thematic analysis will uncover recurring themes, patterns,
and nuanced insights from these unstructured interviews. Qualitative findings will then be

synthesised to craft a comprehensive narrative.

Generally, both the operators and the process engineer were very happy with the
improvements that the upgrade module provided. The improved performance has made it so
that the overall workflow has sped up a lot, as the exposure does not take as long as it used
to. This has been beneficial to both the productivity and efficiency of the lithography
process, but also to the operator’s state of mind. Previously, the exposure time was about
five minutes which was too short to do something meaningful while waiting, yet long enough
to get distracted or sometimes even frustrated. This in turn has led to fewer mistakes being

made by the operators and overall morale has become better.

There were two critical notes mentioned about the user experience though, one minor, one a
bit more major. As a minor pain point, the operators mentioned that the beeping sound from
the alarm after exposure were not loud enough. They were hard to notice in the soundscape
in the cleanroom, where quite a bit of background noise was present. Luckily this was an
easy fix as the alarm was first put inside the polycarbonate box of the control unit. This
resulted in a more muted alarm of about 60 dB, similar to a normal conversation. With the
alarm poking out through a small hole the noise coming from the device increased to 85 dB

which was plenty enough.

Secondly, one of the operators noted they struggled quite a bit to transition from the original

method of operating the machine to the upgraded mask aligner. Especially setting the timer
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using a rotary encoder proved to be difficult to learn. Though the display somewhat matches
the original interface, they explained that the interaction was totally different to them.
Originally, there were two buttons per digit of the timer, one to increase and one to decrease
the value of the digit. This separation of functionality of each button made it clear what
button performed what action. Now, the rotary encoder took over the functionality of many
buttons. The fact that it could both be rotated as pressed and was used to both select and set
the value of all of the digits was hard to grasp. The process engineer ensured that with proper
operator training this struggle would be overcome, but that this could still take a considerable

amount of time.

In conclusion, the study employed unstructured interviews to explore the user experience of
the upgraded Karl Suss MJB3 mask aligner, given the limitations of a small sample size.
Key stakeholders, including two operators and a process engineer, shared valuable insights
through a flexible and conversational approach. Generally, the operators and process
engineer expressed satisfaction with the upgrade, citing improved performance that
enhanced overall workflow, productivity, and operator morale. However, two noteworthy
issues emerged—a minor concern regarding the alarm sound's volume, resolved through a
simple adjustment, and a more significant challenge related to the transition from the original
machine's interface to the upgraded version. The latter issue, involving difficulties with the
rotary encoder for setting the timer, highlighted the need for comprehensive operator
training. Despite these challenges, the study underscores the positive impact of the upgrade
on the lithography process, emphasising the importance of addressing user interface nuances

for a seamless transition.
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7 Analysis

This thesis’ pragmatic approach using the design thinking methodology has meant that it has
included seven different studies: a literature review, benchmark, observation, interviews,
simulation, optical performance tests, and user experience tests. This chapter will describe
the characteristics of the data from these sections. Though the data from the seven studies
has been used already to inform the design process as well as investigate the effectiveness
of the upgraded design, the quality of the data should also be judged. This section will discuss
the reliability, validity, sensitivity, accuracy, error analysis, and saturation of each set of

data.

The data for the literature review can be considered extremely reliable. This data is published
in academic papers and available to researchers, and therefore able to be found by other
researchers as well. Similarly, the data from the literature may be regarded to have high
validity. However, it's important to acknowledge that interpretations and conclusions drawn
from the literature are subject to the quality and scope of the reviewed articles. The literature
offers a comprehensive understanding of the theoretical landscape. While the sensitivity of
this data is high in capturing existing knowledge, it may be limited in capturing emerging
trends or dynamic shifts in the field. The literature review maintains a high degree of
accuracy in presenting established knowledge within the field. The reliance on published
and verified information enhances the credibility of the theoretical framework, ensuring a
foundation built on accurate and validated data. The literature review's accuracy is
contingent on the selection of relevant and representative sources. Any bias in the selection
of articles or overlooking critical studies may introduce a potential error in the theoretical
foundation. Literature reviews don't follow the same saturation concept as qualitative studies
since they involve synthesizing existing knowledge. However, the review could reach a
saturation point in terms of finding new, relevant sources. This is often addressed by defining

inclusion/exclusion criteria.

The benchmark study, relying on technical specifications from mask aligner retailers as
documented by the retailers, holds a level of accuracy aligned with the precision of the
documented metrics. The reliability of this data is contingent on the clarity and completeness

of the specifications, ensuring that the collected metrics accurately represent the
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performance attributes of each system. The data exhibited strong face validity as it directly
measured the performance attributes of interest. It may not experience saturation in the
traditional sense. Instead, its completeness depends on the availability of data. If data from
multiple systems is limited, the benchmark might not fully capture the range of specifications
in the market. The accuracy of benchmark data relies on the clarity and completeness of
technical specifications provided by mask aligner system retailers. Incomplete or ambiguous

specifications may lead to inaccuracies in the benchmarking process.

Observational data, obtained through on-site observations, demonstrates moderate
reliability. The clarity of the observer's perspective and the consistency of observations are
crucial factors influencing the reliability of this data. This was mitigated by documenting
both qualitative and quantitative data obtained from the study, such as the time it took to
perform certain actions as well as remarks commented by operators and the process engineer.
It offered high construct validity by directly capturing real-world behaviours and practices
as it was contextually embedded within the operational environment of Mintres B.V.
Furthermore, the data from the observation exhibits high sensitivity to the lithography
process with the Karl Suss MJB3 as it was observed. The direct immersion in the workplace
enables the identification of subtle nuances, contributing to a rich understanding of the
operational context. Nevertheless, the sensitivity might be constrained by the duration of
observations and the potential influence of observer presence on natural behaviours.
Saturation of the data may be of concern, as the population of the study was actually quite

small.

This thesis has made use of unstructured interviews twice for both the feasibility study as
well as the user experience test. Though the data is totally different, their characteristics are
very similar as the methodology to obtain them has been almost identical. The reliability of
both sets of data might be considered not optimal. There might be interviewer bias and
inconsistency in questioning. This leaves it so that the interpretation of the data might be
totally different than what the participants meant. This has been mitigated by letting the
interviewees check the results ensuring their thoughts were well represented in the results.
The validity, sensitivity, and accuracy of the data are good as they were situated right in and
provided more context about the subjects at hand. One other issue that needs to be addressed
though is the small sample size in both cases. This was something that could not be overcome

due to the niche nature of the project and the low number of participants actually available.
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The simulation results may be considered as reliable, as they are performed with the aid of
a renowned and industry standard software package for optical simulations (Ansys Zemax
OpticStudio). With an expert who has vast experience (such as supervising optical engineers
at ASML) present the reliability is even higher. The validity of the data is understated with
the presence of explanations of the design choices, including the specifications of the UV-
LED light source and accompanying lenses. The sensitivity of the simulation results is not
explicitly clear, as other options have not been mentioned. The accuracy of the simulation is
dependent on the accuracy of the specifications of equipment, and assumptions that are made
during design process. Given the reliability of the specifications, these should be fairly
accurate. Next to that, the simulation software should be accurate as well given it is trusted
by the industry to develop state of the art machines. The simulation lacks specific

information on saturation in the context of the optical simulation.

With the optical performance tests, an important factor to create the methodology was the
light intensity emitted by both machines. This was measured using the same sensor for both
light sources. However, it is important to acknowledge that the reliability is contingent upon
the inherent accuracy and precision of the measurement tool. The sensor that was used had
limitations concerning the wavelength and could not measure the light intensity of a large
enough surface area. The error introduced by it not measuring intensity at the correct
wavelength is present at both tools and thus could be ignored, as the goal was to compare
the two devices. The small measured surface area was mitigated by employing multiple
measurements at several locations and averaging those values. The results produced by the
used sensor are thus valid within the context of the experimental setup. Then, the actual
study enhances reliability by measuring key parameters like light intensity, exposure time,
dose, and undercut, aiming to create a standardised metric for performance evaluation.
Specific criteria, such as undercut analysis in the first experiment and a greyscale test in the
second, contribute to its validity. The study demonstrates sensitivity to exposure variations
by systematically exploring different exposure times and doses on mask aligner
performance. This sensitivity is evident in detailed measurements and comparisons of
undercut and greyscale results under diverse conditions. Accuracy is maintained through
explicit inclusion of precise measurements, including light intensity, exposure time, dose,
undercut, and greyscale outcomes. Tables presenting numerical data further enhance
precision. While not explicitly addressed, saturation becomes implicit in the comprehensive

evaluation of the upgraded mask aligner's performance across varying exposure doses and
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times. The exploration of optimal exposure doses and performance variations suggests

nuanced consideration of potential saturation effects.

Table 11 shows an overview of the seven studies and the characteristics of the data from

these.

Table 11. Overview of data and their characteristics.

Reliability Validity Sensitivity Accuracy Saturation
Literature review
Benchmark Retailer’s data
Observation Interpretation Pop. size
Feasibility Interpretation Pop. size
Simulation Alternatives
Optical performance A measurement
User experience Interpretation Pop. size

Green boxes mean that there are no issues with the data in that regard. Yellow boxes show
that there might be some issues, and states in one word what they might be. Red boxes state
that there are severe problems which definitely need to be addressed if the work on

commercialising the prototype were to continue, more about this in section 8.4
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8 Discussion

This chapter will present the contribution and implications for mask aligner technology. Next
to that, the theoretical contributions of the thesis work will be mentioned. Additionally, the
limitations of the thesis are acknowledged. This chapter concludes by stating ideas for future

research.

8.1 Practical contribution and implications for mask aligner technology

The implementation of the upgraded mask aligner has ushered in a transformative impact on
the production processes at Mintres B.V., marked by two key outcomes: quicker throughput

and enhanced yields.

The accelerated throughput achieved through the upgraded mask aligner has notably
increased overall productivity within the production environment. The efficiency gains are
twofold: more wafers can be processed within a given timeframe, and operators find
themselves with additional time to undertake tasks beyond the lithography process. This not
only optimises resource utilisation but also streamlines operational workflows, contributing

to a more agile and responsive production ecosystem.

Moreover, the upgrade's influence on light uniformity has played a pivotal role in elevating
the quality of the production output. The improved uniformity across the exposure area has
resulted in better yields, reducing the occurrence of products that fall outside the specified
tolerances. This enhancement in precision and consistency directly translates to a reduction
in the number of components that do not meet the desired standards. As a consequence, there
is a positive impact on the overall quality control process, minimising the need for rework

and enabling a more efficient production cycle.

In essence, the implementation of the upgraded mask aligner has not only expedited
production throughput but has also contributed significantly to the quality and reliability of

the manufactured components.
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8.2 Theoretical contributions

With the development of the upgrade module, some interesting new ideas, concepts, and
insights have come forth. This section will provide a brief overview of these, including

optical design insights and using design thinking in complex engineering projects.

8.2.1 Optical design insights

Optimising the power density of the uniform beam diameter emerged as a crucial aspect of
the optical design. By increasing the power density to 35 mW/cm?, the improved mask
aligner showed the potential for faster exposure times and improved production efficiency.
This insight underscored the critical role of power density in lithographic processes, bringing

optical design in line with today's industry standards.

Ensuring uniformity and coherence of light over the entire surface of the substrate was a key
challenge during the optical design phase. The use of LED light sources provided superior
uniformity, exceeding the capabilities of the original UV-Hg arc lamps. This improvement
has significantly contributed to better yields, as evidenced by experimental results showing

improved undercut profiles and grayscale development.

A crucial optical design consideration that goes beyond performance metrics is to include
durability. The shift to LED light sources aligned with the industry's push for greener
lithography processes. By minimizing energy consumption through targeted light activation,

the optical design has contributed to the overarching goal of reducing environmental impact.

8.2.2 Design thinking in complex engineering projects

The use of design thinking in the context of this thesis has shown that it can even be used
out of the context of traditional product design. By employing a user-centric approach
grounded in design thinking, this work contributes to the theoretical framework of
engineering design processes. The integration of empathetic user understanding, ideation,
prototyping, and iterative testing not only provided a structured path for the development of

the upgrade module but also enhanced the overall theoretical understanding of how design
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thinking can be applied effectively in the context of semiconductor manufacturing
equipment. This contribution extends beyond the specific case of the Karl Suss MJB3,
providing insights and a theoretical foundation for future undertakings in improving and

upgrading complex machinery, within or outside of the semiconductor industry.

The application of design thinking principles played a crucial role in navigating the complex
and extensive technical engineering project. The human centred approach provided a
structured framework to tackle challenges while developing an innovative product, ensuring

it would seamlessly fit with both the user as well as the set design requirements.

The first phase of the project can be summarised to empathetic problem framing, where
requirements of multifaceted natures were mapped using a pragmatic approach containing
several studies. These included a literature review, benchmarking, observation, and
unstructured interviews. This empathetic understanding of the problems and design

requirements formed the foundation for the later development of the product.

In a project where mechanical, optical, and interaction design are involved, a cross-
disciplinary collaboration is inevitable. For the successful completion of a project, it is
paramount that this cooperation goes swimmingly. Design thinking facilitated effective
cross-disciplinary collaboration by encouraging open communication, idea exchange, and a
shared understanding of project goals. This collaborative approach contributed to the
seamless integration of optical design insights with mechanical engineering solutions,

resulting in a cohesive and efficient upgrade module.

8.3 Limitations of the study

The pragmatic nature of the research as well as its broad scope and large range of activities
required for product development has meant that six separate studies have taken place over
the course of the thesis work. Because of this, studies and their methodologies needed to be
thought up, performed, and analysed with limited time available. Despite each study being
meticulously thought out and performed carefully, they might have uncovered more

knowledge and deeper understanding when more time was allocated to each of them.

This study has looked at the feasibility and impact of the development of an upgrade module

for the Karl Suss MJB3 mask aligner. It has not delved into several important aspects of
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product development. For instance, sustainability has not been considered other than power
consumption by the device. Materials used in the project have not been analysed and perhaps
more sustainable choices could have been made. Next to that, legal aspects such as patent
considerations, intellectual property rights, or other legal obstacles have not been considered.
Right now, the prototype is for internal use at the client’s production facility, but the project
is far from ready to commercialise. Requirements for commercialisation will need to be

investigated and will be further delved into in future research.

Even though the project has taken a user-centric approach with the design thinking
methodology, the primary focus was to realise a cost-effective prototype. This prototype acts
as a proof-of-concept that demonstrates the theoretical performance as simulated and
specified by the design requirements. Despite user interaction being an important aspect of
the successful realisation of the seamless integration into the production processes, this
project has not done an extensive UX research, nor looked closely at the operator training

procedure.

While the development of electronic hardware and the corresponding firmware for the
interface was an integral part of this project, it is important to note that these aspects are not
explicitly detailed in this report. The decision to exclude this component from the thesis
stems from several considerations. Firstly, the scope of the thesis had already expanded
significantly, encompassing various facets such as design, benchmarking, interviews, and
testing. Including the in-depth exploration of electronic hardware and firmware development
would have further broadened the scope, potentially diluting the focus on other critical
aspects. Secondly, the thesis aimed to provide a holistic view of the mask aligner upgrade
project, emphasising the design thinking methodology, benchmarking, and user-centred
considerations. While the electronic hardware and firmware are pivotal elements, the
decision to exclude them from this report allows for a more streamlined and coherent

presentation of the primary findings and insights related to the mask aligner upgrade.

8.4 Future research

To get the product ready for commercialisation, a lot of work still needs to be done. Not only
the product itself needs to be readied for commercialisation, also the business case still needs

to be researched. For the business plan, one of the most important issues to be addressed is
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to find if the market is there for the product. An extensive market research to understand the
demand for the upgraded mask aligner (or the module itself) needs to be conducted. Based
on these results, a business model can be chosen, and customer requirements can be adapted
in the product. For example, is the module sold so that the customer can upgrade the machine
their selves or is the upgrade service itself sold to the customer. Marketing and branding
might be required, as well as intellectual property protection and regulatory compliance. The
product itself might need some alterations as well. It needs to be readied for manufacturing

for which the right process can only be chosen when the market size is known.
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9 Conclusion

To conclude the thesis, a summary of key findings is provided in this chapter. Additionally,

the research questions are answered. Closing, some final thoughts are shared.

9.1 Summary of key findings

The development of the prototype as well as extensive testing and finally integrating it in
the production facility of the client has resulted in several key findings. First, the successful
implementation of a UV-LED light source and optical design. Next to that, consideration of

operator training, and finally, the substantial increase in lithography efficiency.

The transition to an UV-LED light source, coupled with the appropriate optical design, has
proven to be effective. This addressed the system’s limitations such as high energy usage,
poor UV light uniformity, and weak UV light energy delivered to the substrate. It has enabled
instant start-up and shutdown, great optical performance over the substrate’s entire surface

area, and improved efficiency with quicker exposure times.

Another key finding is about the consideration of operator training. It is essential to recognise
the significant time investment required for operator re-training. Any alterations to the way
of operating a machine needs to be learned. Even interactions which could be considered as
better in terms of intuitiveness and efficiency, the potential disruption caused by these

changes and the required re-training should be carefully weighed against the benefits.

The increased efficiency of the lithography steps within Mintres’ production process has
demonstrated the practical impact of the upgrade module on the company’s operational
workflow. This is achieved on a budget, as the investment both in terms of time and money
of buying and integrating a new system would have been significantly higher. Moreover,
this upgrade module has given new life to an aging system which would otherwise have been

trashed.
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9.2 Answering research questions

The original Karl Suss MJB3 mask aligner boasted state-of-the-art specifications once, but
that was when it was launched back in the 1950’s. Since then, new technologies have been
developed. These new technologies offer both good and less convenient aspects. Some of
the inconveniences are, for example, that modern day systems have become so complex that
only manufacturers are able to perform repair jobs. Next to that, it has become difficult to
modify modern systems so that it exactly fits the client’s requirements. This explains why
the old, ‘simple,” and modular mask aligner system is still extensively used by many research
and small-scale production facilities, despite its somewhat stale performance compared to
modern systems. Nevertheless, the new technologies do offer a lot more efficiency in two
ways. First, efficiency in power consumption and secondly, efficiency in yield by better
optical performance. The root cause is the old system’s light source which consumes a lot of

energy yet offers low intensity light with poor uniformity.

The feasibility study was designed to set design requirements and test whether it would be
possible to realise them. After discussing the requirements with several experts in the field,
the overall sentiment was that the feasibility of the project would not be an issue. The
development of the prototype has confirmed that predilection was correct. Though the
operational efficiency has greatly improved thanks to the enhanced performance enabled by
the upgrade module, seamless integration into the production process has proven to be more
troublesome. The improved performance meant that each lithography process for the
individual products had to be altered, but this was always going to be the case. More
noteworthy though, small alterations in the way of operating the machine were inevitable
despite the fact that a lot of thought went into the user experience of the upgrade module.

These changes required re-training of operators, which took a considerable amount of effort.

The enhanced performance of the mask aligner has made a significant contribution to the
overall efficiency and productivity of the production processes. Where first an exposure took
about five minutes, which is just about too short to do something meaningful in the
meantime, it now only takes thirty seconds for the substrate to receive the same dosage of
UV light. Next to that, higher yields are possible with the same substrate size, as the overall

uniformity has drastically improved.
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The Karl Suss MJB3 mask aligner can be upgraded with a module, developed during the
thesis. This module makes use of the MJB3’s modular nature, and only needs minor
alterations. The optical performance is enhanced by means of an UV-LED light source,
which in combination with the optical design with the appropriate lenses results in an
acceptable beam quality. It is carefully integrated into production, where first the original
process was mapped and then adjusted to the new performance metrics of the upgraded
system. The costs of the project have been kept down by means of the design methodology.
By first emphasising with the subject at hand, accurate design requirements could be set.

This in turn ensured that the development was both efficient and effective.

9.3 Final thoughts

The thesis concludes with the successful development and implementation of the upgrade
module for the Karl Suss MJB3 mask aligner. The findings highlight the positive impact on
efficiency and productivity, with a balance between technological advancements and the
practical considerations of operator training. The adherence to empathetic design thinking
has not only resulted in a cost-effective prototype but has also extended the life of an aging
system, showcasing the significance of a user-centric approach in engineering projects. The
conclusion sets the stage for future research and commercialisation efforts, recognizing the

broader implications of the upgrade module in the semiconductor manufacturing landscape.
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