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ABSTRACT

The sample volumes handled in microfluidic devices are typically in the range of
micro- to millilitres. This leads to spatially extended structures, which often cannot
be manufactured in a cost-effective way by using established silicon/glass technol-
ogies. Therefore, microfluidic devices for cost-sensitive diagnostic applications are
already realised solely on the basis of polymer materials. So far, there is no estab-
lished alternative to silicon/glass technologies for the production of large-scale
fluidic components with high aspect ratio microstructures and with high demands
in terms of mechanical stability.

An interesting example of combining such requirements is given by TopSpot print-
heads for printing of microarrays. The storage of up to 96 different biological sam-
ples in reservoirs with a capacity of typically 1 pl to 6 ul requires spatially extend-
ed microfluidic structures. At the same time, the 500 pm pitched microarray grid
and the requirement to connect each nozzle to the corresponding reservoir by an
individual supply channel demand for high integration density. Therefore, the flu-
idic channels have typical widths of 70 um to 80 um, depths of 80 um to 300 pm -
i.e. an aspect ratio of up to 4.3 - and the distance between two neighbouring chan-
nels in the nozzle array is only 55 pm to 180 um. Currently, the fabrication process
for TopSpot printheads is based on 100mm wafers and utilises deep reactive ion
etching (DRIE) of silicon and anodic bonding of the silicon to semi-finished glass
wafers with fluidic inlets and outlets. These established technologies enable out-
standing printing performance and long lifetime of the printheads but are related
to high manufacturing costs, long lead times and are only little responsive in terms
of application specific designs.

The scientific challenge of this work is therefore to explore alternative material
combinations and processes for realisation of the TopSpot printheads. A starting
point is the analysis of the current fabrication process with respect to a set of crite-
ria. The focus of the thesis is the reduction of the manufacturing costs and produc-
tion lead time without any compromise in terms of performance and lifetime com-
pared to the established silicon/glass printheads.

A common way to reduce manufacturing costs is the reduction of the device di-
mensions and the transition to a larger wafer size. The underlying principle is that
most fabrication processes take a fixed amount of time and do not depend on the
size of the wafer or the number of devices on it. It was found that for production
volumes of 10 to 100 printheads, the reduction of the printhead size from 655 mm?2
to 310 mm? and the transition to 150mm wafers leads to a cost reduction of 20 to
50 % (depending on the production volume and considering a higher cost fraction
due to size dependent processes and material purchasing). The expected lead time
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is not affected by the scaling and remains 42 days, with 7 days due to rework-
related activities and a relatively high uncertainty of 24 days.

The present work describes improvements that go beyond optimisation by scaling
the established technology. Two alternative fabrication approaches were investi-
gated and are described in more detail below. Both approaches were quantitatively
evaluated with the analytic hierarchy process (AHP), a multi-criteria decision-
making method. The AHP was used to measure the significance of the criteria per-
formance, lead time, lifetime and costs and to identify the most appropriate tech-
nology with respect to these criteria.

The first approach involves hybrid printheads where the semi-finished glass wa-
fers are replaced by polymer layers. The hybrid printheads consist of a silicon lay-
er with microfluidic structures, a layer of dry film resist allowing for selective mi-
crochannel sealing and a conventionally machined polymer layer with fluidic res-
ervoirs as an interface to laboratory equipment such as pipettes and dispensing
robots. The functionality of the hybrid printheads was determined experimentally
and found to be well comparable to the silicon/glass printheads. For production
volumes of 10 to 100 printheads, the cost reduction was calculated to be close to
60 % without changing the printhead or wafer size. The major contributors to this
improvement are the lower material costs (up to 43 % reduction) and shorter pro-
cess times (up to 52 % reduction) as well as the increase of the manufacturing
yield from 60 % to 70 %. With the hybrid printheads, the expected lead time can be
reduced from 42 to 28 days and the lead time for rework from 7 to 4 days. The un-
certainty in lead time prediction is only 6 days, thus by a factor of 4 smaller com-
pared to the silicon/glass printheads.

The second approach enables the production of all-polymer printheads by means
of repeated lamination-exposure-development cycles of a dry film resist on a semi-
finished polymer substrate with fluidic access holes. In this way, all microfluidic
components are patterned directly on the printhead interface, thus eliminating the
need of assembling discrete components such as channels, nozzles and reservoirs.
Major advantages of the all-polymer printheads are the non-use of glass and re-
spectively the short-term availability of all semi-finished components (as long as
silicon-based processes are considered available) as well as their lower manufac-
turing costs and short lead times. This second technological approach allows for a
cost reduction close to 80 % and lead time reduction from 42 to 8 days. The manu-
facturing feasibility and functionality of the all-polymer printheads were demon-
strated by experimental results, however, the printing performance was insuffi-
cient to compete with the silicon/glass and the hybrid printheads. Major draw-
backs are inferior printing accuracy, short lifetime and higher risk of cross-talk and
carryover contamination.
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In mikrofluidischen Bauelementen werden in der Regel Fliissigkeitsvolumina im
Bereich von Mikro- bis Millilitern gehandhabt. Dies fiihrt zu raumlich ausgedehn-
ten Strukturen, welche in der etablierten Silizium/Glas Technologie, dem techno-
logischen Standard der Mikrosystemtechnik, haufig nicht mehr kosteneffizient ge-
fertigt werden konnen. Mikrofluidische Bauelemente fiir kostensensitive diagnos-
tische Anwendungen werden daher heute schon ausschliefilich auf Basis von Po-
lymermaterialien realisiert. Fiir grofd3flachige fluidische Bauelemente, welche
gleichzeitig Mikrostrukturen mit hohen Aspektverhaltnissen beinhalten und dar-
tiber hinaus hohe Anforderungen an die mechanische Stabilitat besitzen, haben
sich bislang noch keine kostengiinstigen Alternativen zur Silizium/Glass Technolo-
gie etabliert.

Ein interessantes Beispiel flir die Kombination derartiger Anforderungen sind
TopSpot Druckkdpfe zum Drucken von Mikroarrays. Die Notwendigkeit der Vorla-
gerung von bis zu 96 unterschiedlichen biologischen Substanzen in Reservoirs mit
einem Fassungsvermogen von typischerweise 1 pl bis 6 pl erfordert flachig ausge-
dehnte mikrofluidische Strukturen. Das in der Anwendung geforderte Druckraster
von nur 500 um gepaart mit der Anforderung, die Diisen mit individuellen Fluidlei-
tungen aus den Reservoirs zu versorgen, erfordert gleichzeitig eine hohe Integrati-
onsdichte. Die fluidischen Kanidle haben daher typische Breiten von 70 um bis
80 um, Tiefen von 80 pum bis 300 um - also ein Aspektverhéltnis von bis zu 4,3 -
und sind im Diisenbereich in einem Abstand von lediglich 55 pm bis 180 um zuei-
nander angeordnet. Derzeit werden TopSpot Druckképfe auf Basis von 100mm
Wafern mittels reaktiven Ionentiefendtzens und anodischen Bondens mit zwei
strukturierten Glaswafern produziert. Diese etablierten Fertigungstechnologien
ermoglichen eine herausragende Funktionalitit und lange Lebensdauer der
Druckkopfe, nachteilig sind jedoch die damit verbundenen hohen Herstellkosten
und die lange Durchlaufzeit (der Zeitbedarf fiir den Durchlauf einer Produktions-
charge) sowie der hohe Aufwand bei der Herstellung anwendungsspezifischer De-
signvarianten.

Die wissenschaftliche Herausforderung der vorliegenden Arbeit ist daher die Er-
forschung alternativer Materialkombinationen und mikrotechnischer Prozesse fiir
die Realisierung der TopSpot Druckképfe. Der Ausgangspunkt fiir die durchgefiihr-
ten Untersuchungen ist die Analyse der aktuellen Prozesskette hinsichtlich funkti-
onaler und wirtschaftlicher Kriterien. Im Fokus der Arbeit steht die Reduzierung
der Herstellkosten und Durchlaufzeit ohne Einbufden hinsichtlich der Funktionali-
tat und ohne Beeintrachtigung der Lebensdauer im Vergleich zum Silizium/Glas
Standard.
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Ein etablierter Ansatz Herstellungskosten zu senken, ist die Reduzierung der Chip-
abmessungen sowie die Skalierung der bestehenden Technologie auf ein grof3eres
Waferformat. Das zugrunde liegende Prinzip basiert auf der Tatsache, dass die
meisten Prozesse der Mikrosystemtechnik unabhangig von der Wafergrofde und
der Anzahl von Chips auf dem Wafer sind. Bei einem Produktionsvolumen von 10
bis 100 Druckkopfen wiirde eine Reduzierung der Druckkopfgréfie von aktuell
655 mm? auf 310 mm?2 sowie der Ubergang zu 150mm Wafern zu einer Kostenre-
duktion von 20 % bis 50 % flihren (abhédngig vom Produktionsvolumen und unter
Berticksichtigung hoherer Kostenanteile fiir grofdenabhdngige Prozesse und Mate-
rialbeschaffung). Die erwartete Durchlaufzeit ist von der Skalierung nicht beein-
flusst und betragt 42 Tage, mit 7 Tagen Nacharbeit und einer relativ hohen Un-
scharfe von 24 Tagen.

Gegenstand der vorliegenden Arbeit sind nun Verbesserungen, welche iiber das
Optimierungspotential der beschriebenen Skalierung der bestehenden Technolo-
gie hinausgehen. Hierzu wurden zwei alternative Ansatze untersucht, die nachfol-
gend beschrieben werden. Beide Alternativen wurden quantitativ mit Hilfe des
Analytischen Hierarchieprozesses (AHP), einem Verfahren zur Losung multikrite-
rieller Entscheidungsprobleme, bewertet. Mit dem AHP wurden Prioritdten beziig-
lich der Bewertungskriterien Herstellkosten (costs), Funktionalitit (performance),
Durchlaufzeit (lead time) und Lebensdauer (lifetime) bestimmt, und die am besten
geeignete Technologie in Bezug auf diese Anforderungen ermittelt.

Als erste Alternative wurde ein Hybridansatz untersucht, bei welchem die beiden
Glaswafer durch Kunststofflagen ersetzt sind. Die daraus resultierenden Hybrid-
druckkopfe bestehen aus einer Siliziumlage mit mikrofluidischen Strukturen, einer
Lage Trockenresist zum selektiven Verschliefsen dieser Strukturen und einer kon-
ventionell strukturierten Kunststofflage fiir Fluidreservoire als Schnittstelle zu
Laborgeraten wie Handpipetten und Dosierrobotern. Experimentelle Untersu-
chungen haben gezeigt, dass die Funktionalitat der Hybriddruckkopfe vergleichbar
ist mit der Funktionalitat der Silizium/Glas Druckkopfe. Die Kostenreduzierung fiir
das infrage kommende Produktionsvolumen von 10 bis 100 Druckkdépfen betragt
knapp 60 % bei gleichbleibender Druckkopf- und Wafergrofie. Die wichtigsten
Faktoren fir diese Kostenersparnis sind die Reduzierung der Materialkosten (bis
zu 43 %) und der Prozesszeiten (bis zu 52 %) sowie die Steigerung der Ferti-
gungsausbeute von 60 % auf 70 %. Mit der Hybridtechnologie kann die Durchlauf-
zeit von 42 auf 28 Tage und die Nacharbeit von 7 auf 4 Tage reduziert werden. Die
Unsicherheit bei der Prognose der Durchlaufzeit betragt 6 Tage und ist somit um
den Faktor 4 geringer im Vergleich zur Silizium/Glas Technologie.

Als zweite Alternative wurden Druckkopfe vollstandig aus Kunststoff gefertigt. Sie
wurden durch wiederholte Laminierung, Belichtung und Entwicklung des Tro-
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ckenresist TMMF auf einem Kunststoffsubstrat mit fluidischen Zugangsbohrungen
hergestellt. Dadurch werden alle mikrofluidischen Komponenten direkt auf der
Druckkopfschnittstelle strukturiert, und der Herstellungsprozess bedarf keiner
Montage diskreter Komponenten wie Kanéle, Diisen oder Reservoire. Die wesentli-
chen Vorteile dieser vollstindig aus Kunststoff gefertigten Druckkodpfe sind der
Verzicht auf mikrostrukturierte Glaswafer und somit die kurzfristige Verfiigbarkeit
aller Ausgangsmaterialien (sofern die Prozesse der Silizium-Mikromechanik als
vorhanden vorausgesetzt werden konnen), niedrige Herstellungskosten und die
sehr kurze Durchlaufzeit. Diese zweite technologische Alternative fiihrt zu einer
Kostenreduzierung von knapp 80 % und Verkiirzung der Durchlaufzeit von 42 auf
8 Tage. Die Herstellbarkeit und Funktionalitdt der Kunststoffdruckkoépfe wurden
experimentell bestatigt. Dennoch ist die Funktionalitat dieser Druckkdpfe den Sili-
cium/Glas und den Hybriddruckképfen unterlegen. Wesentliche Nachteile sind die
verringerte Druckprazision, kiirzere Lebensdauer und das hohere Risiko der
Querkontamination und Verschleppung.
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GLOSSARY

Terms and definitions

Term

Definition

All-polymer printheads

Printheads manufactured entirely from polymers (as
opposite to silicon/glass and silicon/polymer print-
heads)

Analytical hierarchy pro-
cess

A multi-criteria decision-making method

BMR Developer for Ordyl dry film resist
. . A parameter that enables to measure the consistency
Consistency index . .
of a comparison matrix.
Consistency ratio A measure for the consistency of a comparison matrix
Die yield The percentage of acceptable devices on one wafer

Dry film resist

Photoresist with a very high viscosity

The percentage of good parts coming out of a process

First pass yield without rework

Hybrid printheads E;lyntheads manufactured in silicon/polymer technol-
: Period of time between the start and the completion

Lead time

of a production cycle

Lead time uncertainty

The period of time between the pessimistic and opti-
mistic lead time

Manufacturing flexibility

The ability to respond to changing designs and fluctu-
ating demands at short lead times and low costs

Optimistic lead time

Lead time based on the assumption that no rework is
needed

Pessimistic lead time

Lead time based on the assumption that each process
needs to be reworked once (or rework is not possible)

Priority

A measure for the importance of criteria and for the
degree of fulfilment of the criteria by a given alterna-
tive

Process worksheet

A documentation of a given production batch contain-
ing the involved processes, machine and operator
times. Depending on the level of detail, process work-
sheets might additionally contain setup times, yield,
recipe names, rework related information etc.

Process yield

The percentage of good parts coming out of a process
after rework

Pyrex

Borosilicate glass by Corning

Random index

A statistic that enables to measure the consistency of
a comparison matrix.
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Realistic lead time

Lead time considering rework probability and rework
duration

Rework

Repetition of a process or a series of processes in case
of non-compliance to specifications

Rework duration

Period of time between the start and the completion
of arework

Rework probability

Estimation of the probability that a process will cause
a rework

Silicon on insulator

A silicon substrate with an insulating layer serving as
an etch stop in the formation of silicon microstruc-
tures

The percentage of good parts at the end of a process

Total yield .
chain

USP Class VI A series f)flstandardlsed tests tg ev:.sllua.te the biologi-
cal reactivity of polymer materials in vivo

Wafer yield The percentage of wafers that are not completely bad

Weighted rework duration

Rework duration considering the rework probability

Abbreviations

Abbreviation Explanation

AHP Analytical hierarchy process
CAGR Compound annual growth rate
CI Consistency index

CNC Computer numerical control
coc Cyclic olefin copolymer

CR Consistency ratio

CTE Coefficient of thermal expansion
Ccv Coefficient of variation

DFR Dry film resist

DNA Deoxyribonucleic acid

dpi Dots per inch

DRIE Deep reactive ion etching

ELISA Enzyme-linked immunosorbent assay
FDA Food and Drug Administration
FPY First pass yield

IPA Isopropanol
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LT Lead time

M.U. Monetary unit

MEMS Microelectromechanical systems
n/a not applicable

PC Polycarbonate

PCR Polymerase chain reaction
PDMS Poly(dimethylsiloxane)

PEB Post exposure bake

PGMEA Propylene glycol monomethyl ether acetate
PMMA Poly(methyl methacrylate)

px Pixel

RD Rework duration

RI Random index

RIE Reactive ion etching

RP Rework probability

SOl Silicon on insulator

STS Surface Technology Systems Plc.
uv Ultraviolet

Latin variables and symbols

Symbol

Explanation
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Priority of a technology with respect to a given criterion

Alternative

Costs
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Height

Number of printheads per wafer

Process complexity factor

Priority of a technology with respect to the goal
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Capillary pressure
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w Priority of a criterion (local or global) -

w Width m

w Principal eigenvector of a matrix -
Whpg Priority vector -

Y Yield %
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A Eigenvalue of a matrix -

0 Contact angle °

y Surface tension N m-1
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1 INTRODUCTION

1.1 Microarrays

According to a widely used definition, a microarray is a spatially ordered, miniatur-
ised arrangement of a multitude of immobilised reagents [1]. Microarrays enable
parallel detection of thousands of addressable elements in a single experiment [2].
The basic concept was introduced in the late 1980s by Ekins et al., who established
that the sensitivity of immunoassays can be improved by using microspots on a
solid support and that multianalyte assays can be carried out using an array of
such spots [3,4]. This has fuelled the scaling down of molecular procedures and
since the late 1990s microarrays have been recognised as a powerful technique for
large-scale, high-throughput analysis. Over the years, the scientific attention on
microarray technology has rapidly increased with a peak in 2008/2009 (Figure
1-1).The research in the field has led to the optimisation of the technology and the
development of commercially available microarray platforms. Today, after more
than two decades of research and development, microarrays are being used in a
wide range of applications across the life sciences. Based upon the nature of the
immobilised reagents, microarrays can be classified into the following three main
categories: DNA microarrays, protein microarrays and cell microarrays.

1.1.1 DNA Microarrays

The development of microarrays started in 1991 with the introduction of the light-
directed, spatially addressable parallel chemical synthesis by Fodor et al. [5]. Alt-
hough the technology was first demonstrated for the synthesis of peptides, further
development of the light-directed synthesis in the field of peptide arrays was held
back due to the relatively low efficiency [6]. In 1994, the light-directed synthesis
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Figure 1-1: Number of publications per year according to Google Scholar using “microarray” as a
search string.
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was extended, allowing the fabrication of oligonucleotide arrays for DNA sequence
analysis [7]. This technological development, the publication of the first microar-
ray study and the development of the microarray printer [8] made a significant
contribution to DNA microarrays becoming a widely used screening tool. Before
microarrays became available, DNA experiments involved single genes or, at most,
a handful of genes and analysis was performed in a low-throughput fashion, one
gene at a time. DNA microarrays have produced a shift of interest from the study of
single genes to a more ambitious endeavour: the study of the entire set of genes
that define an organism - the genome. The suffix -ome refers to a totality of some
sort and DNA microarrays are therefore considered as a tool for genome (all genes)
and transcriptome (all active genes) research. As of today, there are 1841 complete
genome sequences in the public domain and roughly 9000 on-going genome pro-
jects [9]. The most remarkable effort to sequence a genome was the human ge-
nome: a project that was published in 2001 [10] and finally corrected in 2004 [11].

1.1.2 Protein microarrays

The success of these genome sequencing projects, among others, led to the realisa-
tion that the genome cannot provide enough information to understand complex
cellular events. Although the genetic information provides the sequence of each
protein, it is static and contains only little data about the structure, modifications,
interactions, activities, and, ultimately, the function of proteins [12]. Gene se-
quence data alone does not provide insight into dynamic cellular events and is of
relatively little clinical use unless it is directly linked to disease relevance. Proteins,
on the other hand, are highly dynamic molecules that change their conformation.
They are involved in almost every biological process that takes place in living or-
ganisms and are ultimately responsible for all of an organism’s properties [13].
This observation, in turn, yielded a stronger focus on proteins and further boosted
the shift of interest from the genome to the proteome [14,15].

A major issue arising in this context is to use the genetic information not just to
decode the amino acid sequence of the encoded proteins but also to explore their
function. In response to the availability of complete genome sequences, the field of
proteomics has emerged with the goal to provide a comprehensive, quantitative
description of protein expression and its changes under the influence of biological
perturbations such as disease or drug treatment [16,17]. Since traditional proteo-
mic techniques such as electrophoresis, liquid chromatography and mass spec-
trometry provide effective quantitative data for only small numbers of samples,
protein microarrays have been developed for high-throughput screening of pro-
tein-protein interactions [18-21]. Among many challenges, when building a viable
protein microarray, a manufacturer needs to ensure that immobilised proteins
retain their biological activities. While DNA is highly resistant to a range of condi-
tions such as humidity, temperature and pressure, proteins are much less robust
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and may lose biological activity outside their native environment. Hence, it is un-
clear whether they remain functional when immobilised on the chip. Even though
stringent environmental control may help to prevent denaturation, full functionali-
ty of proteins is often provided only in living cells and this observation has led to
the development of cell microarrays.

1.1.3 Cell microarrays

Cell microarrays can be obtained by depositing DNA microspots on a solid support
which is then placed in a culture dish with cells in a medium [22]. Under very spe-
cial and artificial conditions, cells that adhere to the spots take up the underlying
genomic material and become transfected. The result is a living cell microarray in
which each feature is a cluster of cells overexpressing the particular gene as a re-
combinant protein. Transfected cell microarrays, however, measure the average
response of large cell populations, assuming that this is representative of a typical
cell within the population. In many cases, this is an oversimplification because sin-
gle-cell responses play an important role in understanding of the properties of cell
populations. Therefore, recent research efforts are increasingly focused on produc-
ing microarrays of living single cells [23,24] and profiling cell responses at the sin-
gle-cell level [25-27].

1.2 Clinical and market relevance of microarrays

The result of a microarray experiment depends on numerous factors such as chip
design, sample preparation, image acquisition and data normalisation. It is a well-
known fact that comparison of microarray experiments might reveal poor correla-
tion between different platforms and laboratories [28-31]. At the same time, clini-
cal decisions require data that is absolutely unambiguous and independent of the
used microarray platform, so that standardisation has become a key issue in the
microarray industry [32]. Although the commercial relevance of microarrays has
been shown by numerous market studies, the number of companies marketing
microarrays is still small. In the past, some vendors became insolvent (Febit),
while others have exited the market as they found it unattractive for growth (Nan-
ogen, Life Technologies, GE). Besides, small vendors seem to witness less growth,
as researchers increasingly prefer to use products from leading vendors. This
makes the microarray market very unattractive for new participants. Nevertheless,
many existing vendors are optimistic [33]. DNA microarrays represent the largest
segment of the microarray market. In 2010, the global DNA microarray market was
valued at $760 million and is expected to reach $1.4 billion by 2015 with a com-
pound annual growth rate (CAGR) of 13.4%. The market is dominated by Affymet-
rix with 48 % market share, which is mainly attributed to the high density of their
microarrays, large number of patents, first-to-market presence as well as many
research and commercial partnerships. The second largest share is taken by Illu-
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mina (23 %), followed by Agilent Technologies (12 %), Roche NimbleGen (9 %)
and Sequenom (7 %). Currently, about 80 % of the DNA microarray research takes
place in academic institutions, either on an individual basis or in collaboration
with the industry. It is expected that academic research will retain this prominent
position but at a slower pace, so its market share will drop to 70 % by 2015. At the
expense of academics, the commercial segment is becoming more important and is
gaining a greater share of the global market for DNA microarrays [34].

The first microarray-based clinical test, the AmpliChip by Roche and Affymet-
rix [35], was approved by the U.S. Food and Drug Administration (FDA) in 2005
(Figure 1-2). The DNA-based AmpliChip diagnostic test identifies specific geno-
types that regulate how the patient metabolises certain medicines and allows doc-
tors to personalise drug choice and dosing accordingly. Even though approved by
the FDA, some insurance companies do not cover the check-up on the ground that
the clinical utility and benefit to net health outcomes have not been estab-
lished [36]. The costs of AmpliChip range between $600 and $1300.

In 2004, Genomic Health launched Oncotype DX, a DNA microarray-based diagnos-
tic test that quantifies the likelihood of breast cancer recurrence by analysing a
panel of 21 genes [37]. By distinguishing lower and higher risk tumours, Onco-
type DX allows patients with breast cancer to avoid unnecessary chemotherapy,
which, apart from side effects, can cost tens of thousands of dollars per patient per
year. Oncotype DX has not been cleared by the FDA and its current list price
is $3650.

In February 2007, another DNA microarray-based breast cancer recurrence assay,
the MammaPrint developed by Agendia, was cleared by the FDA [38]. The
MammaPrint test identifies which early-stage breast cancer patients are at risk of

Figure 1-2: AmpliChip by Roche and Affymetrix, the first microarray for clinical applications, ena-
bles the detection of genetic variations that can influence drug efficacy and adverse drug reac-
tions [35].
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distant recurrence following surgery by stratifying patients into low and high risk
groups. Thus, MammaPrint allows doctors to select the appropriate postoperative
medical treatment, e.g. hormonal therapy alone if the patient is Low Risk or more
aggressive therapy including chemotherapy if she is High Risk. The costs of the test
are $4200 in the U.S. and €2675 in Europe.

The success of DNA microarrays was responsible for much of the enthusiasm with-
in the protein microarray area. In theory, protein microarrays offer numerous ad-
vantages over DNA microarrays. Almost all products of modern pharmaceutical
biotechnology are protein based [39]. Therefore, one would expect protein micro-
arrays to play a prominent role in diagnostics and proteomic studies. In practice,
studies based on protein microarrays are only rarely used whereas less meaningful
genome analyses based on DNA microarrays are widely accepted. This is mainly
due to the low availability, high price and poor quality of protein microarrays.

In fact, protein microarray technology turned out more difficult than originally
expected and the initial enthusiasm has been cooled by several technical hurdles.
One major issue is that it is fundamentally far harder to work with proteins than
with DNA. While DNA is a molecule with a defined hydrophilic backbone and struc-
ture, proteins are comprised of 20 amino acids capable of forming different com-
plex structures. Proteins may be hydrophobic, hydrophilic, acidic or basic. Addi-
tionally, there are many more proteins than genes; latest estimates predict that the
human genome has around 30 000 genes, but there may be as many as 1 million
protein-based structures in the human proteome [40]. Purification, maintenance
and attachment of proteins to a solid surface are more complicated than the corre-
sponding techniques used for DNA microarrays [15,41]. While large custom-made
DNA sequences can be provided at moderate costs and within short timelines [42],
protein production is both expensive and time-consuming. In contrast to DNA
which can be stored for years without any significant degradation [43], proteins
denature and lose their function after only a few months in storage.

In the early 2000s, these issues caused several companies to delay preannounced
protein microarray products, others even dropped plans to commercialise protein
microarrays. However, by now several protein microarray products have entered
the diagnostics market. The first commercially available protein microarray, Ex-
pressArray p53, is a tool for cancer research and was launched in 2002 by
Sense Proteomic. In 2004, Invitrogen launched their ProtoArray Human Protein
Microarray: a high-density protein microarray, containing more than 1 800 unique
human proteins. The latest version, ProtoArray 5.0, contains 9400 proteins and
has a list price of €1360 [44]. In order to maintain their native structure, all pro-
teins immobilised on the ProtoArray are purified under non-denaturing conditions
in a controlled environment. ProtoArray microarrays can be used for a broad
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range of applications, including identifying protein biomarkers and drug target
pathways, profiling antibody specificity and mapping protein-protein interactions.
The ProtoArray Kit has a list price of €2955 and allows identifying binding part-
ners of proteins of interest in as little as one day. At present, there are lots of com-
mercial suppliers of protein microarrays, e.g. PEPperPRINT, LC Sciences, JPT Pep-
tide Technologies, Protagen, imaGenes, but there is no dominant format. A com-
prehensive list of commercially available protein microarrays and their applica-
tions has recently been provided in [45].

Another recent study reported that the protein microarray market is growing and
the CAGR is expected to reach 19.9 % before 2015 [46]. Nevertheless, before pro-
tein microarrays can finally make the leap to the lucrative and highly competitive
diagnostics market, there is a need for more solid proof of their ability to provide
therapeutically relevant results and realistic opportunities for cost reduction. De-
spite many advances in recent years, the protein microarray vision of using just
one drop of blood to screen patients for relevant pathologic information in the doc-
tor’s office before a personalised drug is prescribed is still far away [45,47].

Regarding cell microarrays, major issues for their successful commercialisation are
intrinsic to the process of cell transfection, the collection of high-content images of
each cell population and automated data analysis [48,49]. Cell microarrays have
the potential to find broad use in the pharmaceutical industry, enabling cell-based
sensors with high throughput and manifold capabilities [50]. In 2009, Silicon Bio-
systems has launched DEPArray - a cell microarray designed to identify, manipu-
late and sort specific single cells within a heterogeneous population. DEPArray
features up to 76 800 dielectrophoretic cages, whose size can be set to accommo-
date one single cell each. During manipulation, cells maintain viability, the cell DNA
remains completely intact and the proliferation capability unmodified. Possible
applications of DEPArray include prenatal and cancer diagnosis, cell therapy and
single cell resolution biology.

1.3 Methods for microarray fabrication

The production of the microarray, i.e. the application and binding of the reagents
to a solid support, is an important step before performing a microarray assay.
Since reagents are often very expensive, one of the most important requirements
on microarray production methods is to work reliably and to waste only tiny quan-
tities of reagents. At the most basic level, methods for producing microarrays can
be classified into two main groups: printing techniques, where pre-synthesised
probes are immobilised on a support by some type of robotic printer, and in situ-
synthesis, where the probe sequences are generated on the chip. A few other less
frequently used methods have also been reported. Which fabrication method fits
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best depends on the nature of the study with attention being paid to budget con-
straints, throughput needs, type of reagents and surface on which the reagents will
be immobilised [51]. The salient features of several platforms are outlined in [52].
Some of the most widely used methods for fabrication of microarrays are outlined
in the sections below, a full description of these and other methods can be found in
the literature [53-56].

1.3.1 Printing techniques

Printing techniques were the first ones used to demonstrate the usefulness of the
microarray technology [8]. Printed microarrays can be easily tailored to specific
research requirements since there are many suppliers for compatible hardware
such as printing robotics, scanners and washing and hybridisation stations. Usual-
ly, experiments with printed microarrays use a solid support with the size of a
standard microscope slide and can be performed with the same instruments re-
gardless of the type of the immobilised reagents. The performance of a printed mi-
croarray, characterised by the array geometry, spot density, spot performance,
background and specificity, is strongly influenced by a large number of factors
such as robotics, environment conditions, probe concentration, printing buffer,
immobilisation chemistry, hybridisation conditions etc. [57]. Printing techniques
can be further divided into contact and non-contact.

Contact techniques

Contact printing devices include quills and tweezers, capillary tubes, solid pins,
split pins, micro spotting pins and pins-and-rings (Figure 1-3(a)) [51]. The printing
tools are dipped into the reagent solution and deliver the reagents by direct con-
tact to the microarray surface (Figure 1-3(b)). The delivery volume and the spot
size are defined by the surface interactions of the printing tool, fluid and slide [58].
The typical volume is in the picoliter to nanoliter range, which is quite below the
range of typical liquid handling systems such as micropumps, pipettes or au-
tosamplers. The most widely used contact printing devices are provided by
TeleChem International, a subsidiary of Arrayit Corporation. Other suppliers of
contact printing tools are Labnext (ceramic pins), Parallel Synthesis Technology
(silicon pins) and Point Technologies (tungsten pins). TeleChem's Micro Spotting
pins are made of stainless steel using micro-machining with a manufacturing tol-
erance of 2.5 um. The pins can hold between 0.2 ul and 1.25 pl of reagent solution
(Figure 1-3(c)) and the delivery volume is about 600 pl per spot. In order to in-
crease the speed of microarray manufacturing, pins can be mounted together into
a printhead. Figure 1-3(d) shows a printhead by Arrayit with 48 pins mounted into
it. Currently, Arrayit provides printheads with up to 192 pins.

One issue common to all contact printing technologies is the risk to damage the
microarray surface through mechanical contact during printing. Besides, it has
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Figure 1-3: Contact printing of microarrays. (a) Different pin types [59]. (b) Working principle
based on surface tension and adhesion (adapted from [60]). (c) A variety of pins allows users to
define the delivery volume and the number of spots per loading [60]. (d) 48-pin printhead by Ar-
rayit [61].

been reported that contact printing provides a high spot to spot and chip to chip
variability [62], which makes sharing and comparison of experimental data diffi-
cult. The major requirements for successfully setting up and running a microarray
contact printing facility can be found in [63,64].

Non-contact techniques

When using non-contact printing, a liquid droplet is formed and detached from a
nozzle prior to being deposited on the microarray substrate. The reagents are
loaded into reservoirs and transported to the printing tips using capillary forces or
other pumping mechanisms. Generally, non-contact methods are best when the
number of reagents to spot is low and the number of times to spot these reagents
is high. Non-contact methods also become advantageous when the microarray sur-
face is fragile [51]. Since a key element of any non-contact printing device is its
actuator, it is common to classify non-contact printing according to the actuation
method, with piezoelectric and thermal technologies being the most prominent
ones. Arrayjet, BioFluidix, GeSim, microdrop Technologies, PerkinElmer and Sci-
enion are among the companies providing piezoelectric driven devices for the fab-
rication of microarrays (Figure 1-4).

The printing technology used by Arrayjet comes from Xaar, a market leader in in-
dustrial ink jet solutions. The technology is based on a piezoelectric printhead
which was adapted to meet the requirements of microarray fabrication. The print-
head has 126 nozzles in a linear arrangement and is able to aspirate up to 32 sam-
ples simultaneously from 96 or 384 microtiter plates. It provides a significantly
higher throughput compared to competitive products by PerkinElmer (parallel
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Figure 1-4: Non-contact printing. (a) Working principle based on a thermal and piezoelectric actu-
ation (adapted from [65]). (b) Four tip printhead by PerkinElmer [66]. (c¢) Non-contact dispensing
tips by microdrop Technologies (left) and GeSim (right) [59].

dispensing of up to four reagents), GeSim (up to 16) and BioFluidix (up to 96). Be-
sides, the Arrayjet technology features high robustness as it was originally devel-
oped for industrial applications. The core of the printing technologies used by mi-
crodrop Technologies, PerkinElmer and Scienion is a glass capillary which is sur-
rounded by a piezoelectric actuator. The free end of the capillary forms a dispens-
ing nozzle. When actuated, the actuator compresses the capillary and generates a
pressure wave into the liquid that causes a single droplet to be ejected from the
nozzle. The droplet volume is in the picoliter range, depending mainly on the noz-
zle diameter and fluid properties. Besides filling the glass capillary from a supply
reservoir through tubing, dispensers provided by microdrop Technologies and
Scienion enable sample aspiration from a microtiter well plate through the nozzle
tip in the capillary. This feature minimises the dead volume, which is essential
when dealing with expensive reagents. GeSim, on the other hand, relies on a
MEMS based silicon/glass dispenser with a piezoelectric actuator placed on top of
it. When triggered, the actuator causes a displacement of a silicon diaphragm
which leads to a compression of the liquid and ejection of a droplet from the noz-
zle.

Just as piezoelectric devices, thermal printing devices (bubble-jets) were originally
developed for dispensing of ink [67]. The first reports of using bubble-jet technol-
ogy for the fabrication of microarrays were published in the late 1990s and early
2000s [68-71]. In all studies, the authors used commercially available thermal
inkjet printheads, which were adapted to print biomolecules. Many reports have
indicated that there was no significant functional damage to the deposited biologi-
cal samples caused by high temperatures applied in thermal inkjet technology
(200 °C - 300 °C) [72]. However, heating of the reagents to such high temperatures,
even for the short period of typically 2 ps, raises concerns about their possible
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thermal degradation. For example, Setti et al. reported the activity loss of enzymes
after they were printed with a modified Olivetti thermal printhead [73] and Xu
et al. observed cell lysis of approx. 8 % after cells were printed with a modified
Hewlett Packard thermal printhead [74]. Nevertheless, the degree of degradation
depends significantly on the thermal sensitivity of the reagents and has to be con-
sidered individually for each application. For this technology to go mainstream,
there are also technical hurdles to overcome, e.g. efficiently picking up the biologi-
cal reagents from a micro plate and avoiding carryover contamination when
changing the reagents in the reservoirs [51]. So far, there is no product enabling
fabrication of microarrays using bubble jet technology.

1.3.2 In situ synthesis

In situ (on chip) synthesised oligonucleotide microarrays are manufactured by
using a method developed by Fodor et al. [5]. The method combines solid-phase
chemistry, photosensitive protecting groups and photolithography in order to
achieve light-directed, spatially addressable parallel chemical synthesis of chemi-
cal products. Affymetrix, the industry leader in the field, has pioneered the field of
in situ microarrays by introducing the GeneChip. The fabrication of the GeneChip
involves semiconductor-based photochemical DNA synthesis on a five-inch square
quartz substrate (Figure 1-5). GeneChips consist of up to 25 base-pair long probes
(25-mer). For each layer and each base, another photolithographic mask is re-
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Figure 1-5: GeneChips - Schematic representation of the DNA synthesis cycle (adapted from [53]).
Synthetic linkers containing photochemically removable protecting groups are attached to a quartz
substrate. Subsequently, photolithography is applied to produce localised deprotection. Chemical
building blocks are incubated with the substrate, and chemical coupling occurs in those regions that
have been illuminated. The synthesis proceeds by repeating the steps of deprotection and coupling
until the reagent sequences, usually 25-mers, are completed.
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quired, i.e. a set of up to 100 masks is necessary for one GeneChip layout. Changing
the layout requires a new mask set which makes the Affymetrix technology rea-
sonable for fabricating large numbers of microarrays of the same design. Once the
DNA synthesis is complete, the substrate is diced into individual arrays which are
packaged into cartridges. A typical array has a size of 1.28 cm?2 and contains about
1.4 million features at a pitch of eleven microns. A reduction of the pitch down to
five microns, as available since 2005, yields more than 6.5 million features on the
same format [75].

In 1999, a more flexible, maskless method for producing DNA microarrays by
means of light-directed chemistry was described by Singh-Gasson and Green et
al. [76]. Soon afterwards, the method was commercialised by Xeotron (acquired by
Invitrogen in 2004), Febit (insolvent since 2004) and Roche NimbleGene. At the
heart of the maskless method is a digital micromirror array that replaces the phys-
ical chrome masks with “virtual masks” by switching individually addressable mir-
rors “on” and “off” according to a digital mask file. The mirror input signal is coor-
dinated with the synthesis chemistry in a way that enables the synthesis of DNA
fragments on solid glass supports. The method was most successfully implemented
by Roche NimbleGene with up to 4.2 million 85-mer DNA fragments synthesised in
a single microarray [77]. The maskless approach provides a more cost-efficient
method to create high-density custom microarrays as compared to the Affymetrix
approach.

Agilent Technologies, a spin-off of Hewlett-Packard, manufactures in situ synthe-
sised DNA microarrays based on the SurePrint technology. The technology can be
traced back to a method for in situ oligonucleotide synthesis based on a modified
ink-jet printing [78]. The method was further developed and characterised by
Hughes et al. [79]. Instead of printing pre-synthesised oligonucleotides, the in situ
SurePrint technology prints 60-mer length oligonucleotide probes, base-by-base,
from digital sequence files onto surface-modified glass slides (Figure 1-6). Sure-
Print employs a five-“ink” technology - four bases plus catalyst. The order of the
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Figure 1-6: In-situ DNA microarray fabrication with the Agilents SurePrint technology.
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printed bases determines the probe sequence. Caused by the natural limitation of
liquid handling, microarrays fabricated by the SurePrint technology contain
1 million features at most, which is significantly lower compared to light-directed
synthesis. In addition to buying catalogue microarrays, researchers can use the
eArray web-based application provided by Agilent in order to design and order
their own microarray layouts.

1.4 Fabrication of microarrays using the
TopSpot technology

Due to the complex nature of chemical synthesis and the expense involved in pro-
duction, in situ synthesis is only suitable for custom microarrays to a limited ex-
tent. The non-contact TopSpot technology is an alternative to piezo tip and pin
printers which currently dominate the market for custom microarrays. The Top-
Spot technology is based on reusable piezo-actuated printheads which enable non-
contact microarray fabrication at a pitch of typically 500 um. The technology was
developed by HSG-IMIT and IMTEK and is currently commercialised by BioFluidix.
The printheads can be operated in two different ways, i.e. the pneumatically actu-
ated standard technology and the Vario technology which is based on direct liquid
displacement (Figure 1-7).

(a) Standard TopSpot | TopSpotVario
Piston reset O-ring | Piezo actuator
LHe
Sealing O-ring Reservoirs (Pyrex)
: Piston A
| Piston holder /\
A
Printhead holder ! Microfluidics (silicon)
(b) Sealing lid (Pyrex)

| oecoleoe |

Figure 1-7: TopSpot technology. (a) Schematic cross-sectional view of a standard TopSpot print-
head (left) and TopSpot Vario printhead (right). (b) Working principle of the pneumatically actuat-
ed standard printhead (left sequence) and the Vario printhead (right sequence).
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Figure 1-8: Overview of different printhead formats. (a) Top and bottom side of a 24-channel
printhead. (b) Stroboscopic image droplets in flight. (c) Top side of a 96-channel printhead. (d) Top
side of a 384-channel printhead.

1.4.1 Standard TopSpot technology

In the standard TopSpot technology, a piezo-stack actuator is used to drive a piston
in the sealed gas cavity above the nozzles of a silicon/glass printhead. The down-
ward stroke of the piston generates a pressure increase by compression of the gas
volume in the cavity. The pressure simultaneously affects all nozzles and causes
the parallel ejection of a single droplet out of each nozzle (Figure 1-7(b), left se-
quence). The volume of the ejected droplets is in the range of 1 nl, which allows for
over 5000 dispensing cycles without reloading the printhead. The printheads con-
tain up to 384 reservoirs, each one being connected to a dispensing nozzle by a
microfluidic channel. The nozzles are arranged in a grid of 6x4, 24x4 or 24x16 for
the 24-, 96- and 384-nozzle printheads, respectively (Figure 1-8). A one-to-one
format conversion from the microtiter plate format of the reservoirs to the micro-
array format of the nozzles is provided according to a patented method for format
conversion [80].
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To improve the printing reproducibility, the nozzles are coated with a hydrophobic
silane. For a 24-nozzle printhead, the inter nozzle reproducibility indicated by the
volume variation of the dispensed droplets (CV) is less than 3 % [81]. A strobo-
scopic image of a parallel droplet ejection out of a 24-nozzle printhead is shown in
Figure 1-8(b). The microchannels of the printheads are rendered hydrophilic by
oxygen plasma treatment to support the sample transport from the reservoirs to
the nozzles by capillary forces. Gutmann et al. have demonstrated the suitability of
the standard TopSpot technology for manufacturing DNA microarrays [82], protein
microarrays [83] and living cell microarrays [84].

1.4.2 TopSpot Vario

The actuation principle of the TopSpot Vario technology is based on direct liquid
displacement by using an incompressible elastomer instead of a compressible gas
cavity between the piston and the nozzles. The downward stroke of the piston
drives the elastomer into the displacement chambers, thus causing the parallel
ejection of single droplets out of each nozzle (Figure 1-7(b), right sequence). The
TopSpot Vario technology is characterised by a linear relationship between piston
stroke and droplet volume. By tuning the stroke between 2.5 um and 13.5 um, the
droplet volume can be tuned between 250 pl and 1500 pl [85]. Priming of the Top-
Spot Vario microchannels is realised by implementing a principle for bubble-free
priming of blind microchannels [86]. Currently, TopSpot Vario printheads are
available as a laboratory prototype.

1.5 Aim and structure of the thesis

In a general sense, the objective of the thesis is to provide greater manufacturing
flexibility and to reduce the costs of silicon/glass microfluidic devices manufac-
tured by means of standard MEMS based technologies. In this context, the term
“manufacturing flexibility” refers to the ability for fast verification of new designs
and the ability to handle low production volumes and fluctuating demands at short
lead times.

The more specific aim of the thesis is to identify the most appropriate technology for
production of TopSpot printheads with respect to a set of requirements for produc-
tion volumes between 10 and 100. The focus is on the development and characteri-
sation of flexible fabrication technologies and low cost printhead designs.

Currently, TopSpot printheads are manufactured using established MEMS technol-
ogies: Silicon micromachining is applied to realise the microfluidic structures, the
interface layers are manufactured in glass and the individual components are
joined by silicon/glass anodic bonding. The advantages of this configuration are
obvious: Fast and precise fabrication of deep trenches in silicon wafers, optical
transparency of the glass covers and high mechanical stability of the printheads.
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Another important aspect is the possibility to combine the individual components
by anodic bonding: a strong chemical bonding process without additional interme-
diate layers. Anodic bonding eliminates the common risk of clogging or defor-
mation of the microchannels when the components are combined using adhesive
techniques. As the printheads were gradually optimised to meet the stringent re-
quirements for microarray fabrication, manufacturing flexibility and costs have not
been considered at the same level of detail as functional requirements such as
printing performance and parallelisation.

A major drawback of the silicon/glass printheads is that they are less responsive to
the fast changing and increasingly diverse customer needs. Important contributors
to this situation are the semi-finished glass components because they have long
delivery times or need to be ordered in advance and lay in stock. Obviously, the use
of such special semi-finished components is contradictory when it comes to manu-
facturing flexibility and low costs. Against this background, one specific objective
of the thesis is the development and characterisation of silicon/polymer printheads
which provide higher flexibility at lower costs by using polymer materials instead
of glass. As a consequence of the new material combination, special emphasis is
placed on the technological challenge to combine silicon and polymers in one de-
vice, making the microfluidics in silicon and the reservoirs and sealing lid in poly-
mers. Another objective of the thesis is to identify possible technologies for the
production of all-polymer printheads and verify their general applicability for the
production of microarrays.

The classification of costs and basic knowledge about cost drivers in microfluidic
manufacturing are presented in Chapter 2. This chapter also describes the main
differences between microfluidic and semiconductor devices and motivates the
examination of cost reduction approaches different from those in the semiconduc-
tor industry. Besides, Chapter 2 explains the theoretical background related to cost
calculation and techniques for cost reduction.

Chapter 3 covers the basics of the analytical hierarchy process (AHP), a multi-
criteria decision-making method. In the thesis, the AHP is used to measure the im-
portance of individual printhead requirements and find the most appropriate
technology for production of TopSpot printheads with respect to those require-
ments.

The initial situation including description of the fabrication process as well as cost,
yield and lead time analysis is presented in Chapter 4. Special emphasis in this
chapter is placed on the relationship between manufacturing costs and production
volume.
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Chapter 5 exploits the potential for cost reduction by scaling, i.e. reducing the
printhead size and/or using larger wafers. It gives an introduction in dry film re-
sists together with a systematic overview of research publications related to dry
film resists for microfluidic and MEMS applications. The main differences between
dry film resists and liquid resists are discussed. Finally, the chapter presents two
alternative printhead designs that make use of dry film resist: the silicon/polymer
and the all-polymer printhead. In both designs, one or more printhead components
are provided by dry film resists.

Chapter 6 deals with the experimental aspects of dry film resist technology. The
main focus is on processing and characterisation of three resist types regarding
essential properties such as wetting behaviour, optical transparency and biocom-
patibility.

Chapter 7 and Chapter 8 present the fabrication and experimental characterisation
of the silicon/polymer and the all-polymer printheads, respectively. The main fo-
cus is placed on printhead performance, manufacturing costs, lead time, yield and
lifetime. Additionally, in Chapter 7, the flexibility of the silicon/polymer technology
is demonstrated by scaling up the fabrication process to a larger wafer format and
implementing printheads with microchannels of extremely high density.

In Chapter 9, the different printhead concepts are evaluated using the AHP. The
evaluation considers two customer profiles with different requirements on the
printheads. The main conclusions of the thesis are given in Chapter 10.
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2 COST STRUCTURE OF MICROFLUIDIC
MANUFACTURING

2.1 Classification of costs

In a commercial company, costs are generally defined as the monetary value of
resources required for manufacturing and delivering products. Resources in this
context might include machines, employees, materials, time, intellectual properties
etc. The basic costs that originate with the product itself are the manufacturing
costs, i.e. costs that can be assigned directly to the manufacturing process. In addi-
tion, there are overhead costs that cannot be directly assigned to a product, e.g.
electricity and administration. Overhead costs combined with the manufacturing
costs form the total costs of a product. The total costs, in turn, contribute to the
lifecycle costs which are costs that accrue to the product user. These include instal-
lation, training, maintenance etc. (Figure 2-1) [87].

There is a number of ways to classify costs. One common classification method is
according to the cost type, e.g. material costs, personnel costs, or machine costs.
Another classification is based on whether costs can be directly assigned to a spe-
cific product or activity and breaks costs down into direct and overhead costs.
Costs can be further classified based on their dependence on the production quan-
tities: Variable costs accrue only when production takes place and are proportional
to the production quantity. Typical variable costs are material costs or machine
and operator cost that accrue during the production of a product. Fixed costs on
the other side are typically nonrecurring and independent of the production quan-
tity, e.g. costs for lithography masks, tooling or CNC programming. As shown in
Figure 2-2, these are not “other” costs but just different ways of looking at costs.

Lifecycle costs

Total costs

Manufacturing
costs

Figure 2-1: Classification of costs. Manufacturing costs and overhead form the total costs of a
product. The total costs, in turn, contribute to the lifecycle costs, which are costs that accrue to the
product user [87].
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Figure 2-2: Different “views” on the cost of a product [87].

The development of cost-effective products is a team task with responsibilities
shared between different company departments. In the R&D department, infor-
mation coming from different areas is used to develop marketable products. One of
the most important aspects in product development is the requirement to consider
company-specific technological limits and to bridge the gap between the require-
ments of the customer and what is technically and economically feasible. When the
design is complete, the product costs are largely fixed. Therefore, manufacturing
costs have to be considered from the very beginning of product development [87].

2.2 Comparison to semiconductors

One industry that is frequently used to draw parallels to microfluidics is the semi-
conductor industry. Both industries are based on microscale structures and con-
sider miniaturisation as the main factor for technological advances and low costs.
Many of the early works in microfluidics utilised fabrication methods directly bor-
rowed from the semiconductor industry. Moore’s Law [88] and the huge economic
impact of semiconductor devices have raised hopes of similar development in ana-
lytical sciences using microfluidics as the driving innovation [89]. Indeed, microflu-
idics has become a huge field of research with more than 13 000 publications in
2013 [90]. On the other hand, this research is mainly limited to proof-of-concept
demonstrations and only a few of the developed prototypes have been trans-
formed into commercial devices [91]. While the purely technological ability to
manufacture microfluidics has ceased to be a challenge since about a decade, the
high manufacturing costs are still one of the most important hurdles for the com-
mercial success of microfluidic devices [91,92]. If Moore’s Law would hold true for
microfluidics, the costs of microfluidic devices would have to drop by a factor of
two every two years. Since this is not the case, the cost analogy between microflu-
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idic and semiconductor devices is misleading. This section provides an overview of
the main cost drivers in microfluidics and shows the key differences when com-
pared to semiconductors.

2.2.1 Materials

For semiconductor devices, silicon is by far the dominant material and consequent-
ly, silicon wafers are thoroughly characterised by having a standard size and well
known properties such as purity, doping level, thickness variation, warp, bowl etc.
In contrast, the field of microfluidics relies on a loose collection of materials, e.g.
silicon, glass, ceramics and, increasingly often, polymers. The reason for this mate-
rial diversity is the diversity of microfluidic applications. Although appreciated in
academia, this variety slows down standardisation and the associated increase of
market share and cost reduction. Material selection in microfluidics is not as
straightforward when compared to semiconductors. It is a very important process
that largely determines the performance of a device in terms of functionality and
economic feasibility. A common approach for material selection is to define the
requirements and to narrow down the choices by the method of elimination.

2.2.2 Manufacturing yield

The manufacturing yield is the ratio of devices within the specifications to the
overall number of possible devices at the beginning of the manufacturing process.
It is an important factor to determine costs: Doubling the yield leads to reduction
of the manufacturing costs by 50 %. The total manufacturing yield is the product of
the process yields of all individual processes required to produce the device:

m
Voo = | [ % (2.1)
i=1

where Y.+ and Y; denote the total and the process yield, respectively. Figure 2-3
shows the total yield as a function of the process yield for different number of pro-
cesses. In the semiconductor industry, the total yield is routinely above 90 %
whereas yields in microfluidic production are often considerably lower [93]. In
fact, Equation 2.1 and Figure 2-3 give an oversimplified view of a complex issue
and are not useful in answering the critical question: How many devices meet the
specification?

In semiconductor manufacturing, the percentage of acceptable devices is typically
represented by the die yield. The term die refers to the area of a wafer which rep-
resents one functional unit. Assuming that defects are randomly distributed over
the wafer and that the yield is inversely proportional to the complexity of the fab-
rication process, the die yield is given by the following empirical model:
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Figure 2-3: Simplified representation of the total yield as a function of the process yields and the
number of processes [91].

1
(1 + Defects per unit area X Die area)N

Die yield = Wafer yield X (2.2)
where N is a parameter called process-complexity factor and wafer yield accounts
for wafers that are not completely bad (typically close to 100 %). In the semicon-
ductor industry in 2010, the defects per square centimetre were typically 0.016 to
0.057 and N ranged from 11.5 to 15.5 [94]. Substituting these values in
Equation 2.2, the die yield and correspondingly the manufacturing costs for any die
size can be reliably estimated early in the design phase and before starting produc-
tion. In contrast, the final device yield and costs in microfluidics often cannot be
predicted before going into serial production.

2.2.3 Learning curve and manufacturing volume

It is well known that manufacturing costs decrease over time even without im-
provements in the basic technology. The underlying principle is the learning curve
which depends on the manufacturing volume and which is best measured by
change in yield. The manufacturing volume affects costs in several ways: Larger
volumes not only decrease the time needed to get down the learning curve but also
decrease costs by increasing purchasing and manufacturing efficiency. Besides,
larger volumes decrease the amount of fixed costs that must be amortised by each
device, thus allowing manufacturing cost and selling price to be closer to each oth-
er [94].

Cost reduction by large quantities is known as economies of scale. In semiconductor
terminology, a small production quantity means a lot size of less than 1 million
parts. The production capacities of typical semiconductor fabrication plants are in
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Figure 2-4: A qualitative representation of the economies of scale for replication techniques com-
monly used in microfluidic manufacturing [97].

the range of 35 000 to 80 000 wafer starts per month and the learning curves lead
to a cost reduction of about 10 % for each doubling of the lot size [94].

In contrast, microfluidic devices are often ordered in lots of 50-100 pieces [95],
and sometimes the number of pieces to be created of one specific design is even as
low as one [96]. This poses a serious challenge to engineers and is one important
factor for the comparatively high costs of microfluidic devices. The economies of
scale of commonly used replication techniques for microfluidic devices are shown
in Figure 2-4. For small production volumes, e.g. for custom designs and prototyp-
ing, PDMS casting and hot embossing are more cost-effective than injection mould-
ing, and vice versa.

2.2.4 Feature size, die size, wafer size

Since 1965, the semiconductor industry follows Moore's Law towards smaller cir-
cuit elements and today feature sizes have decreased down to 22 nm [98]. Accord-
ing to the roadmap of ASML, the world's leading manufacturer of lithography sys-
tems, a resolution of 10 nm will be commercially available in the 2016 time frame
[99] and the transition to the next generation 450mm wafer size is scheduled for
2018 [100].

Different wafer sizes are shown in Figure 2-5. The number of dies per wafer can be
estimated by [101]:

T (Wafer célameter — 0.58 - vDie size)? 23)

Die size

Dies per wafer =
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Figure 2-5: Comparison between different wafer sizes. (a) Wafers sizes used in the different indus-
tries and the corresponding year of introduction. (b) Semiconductor state-of-the-art 300 mm wafer
and next generation 450mm wafer (image taken from [102]).
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Figure 2-6: An example demonstrating the relationship between yield and die size.

Currently, the processing of a 300mm semiconductor wafer in a leading edge tech-
nology costs between $5000 and $6000 [94]. Using Equation 2.3 and assuming a
die size of 239 mm?, as used in Intel’s Core i7-980, the number of dies per wafer
can be calculated to be 261. Assuming a die yield of 90 % and using Equation 2.4,
the manufacturing costs per die for Intel’s Core i7-980 are calculated to be in the
range of $21 to $26. Many microprocessors are even smaller, e.g. 32-bit processors
are sometimes as small as 0.10 cm2, and processors used for embedded control,
e.g. in printers, microwaves etc., are often smaller than 0.04 cm? [94].

In contrast, the overall size of common microfluidic devices is significantly larger.
It has been reported that typical sizes are in the range of 25 mm by 75 mm [103],
which corresponds well to the size of the TopSpot printheads considered in this
work. Substituting the above dimensions in Equation 2.3 and in consideration of
the fact that silicon/glass microfluidic devices are processed on 200mm or smaller
wafers, the number of devices per wafer is calculated to be less than 10. The fluidic

22



2.2 Comparison to semiconductors

features are in the range of some tens of microns to a few millimetres, which is by
orders of magnitude larger than the features in semiconductor devices. The further
miniaturisation in microfluidics is limited by several factors, most notably by the
need for large interfaces to laboratory equipment and by the requirements for
minimum flow rates and channel dimensions [104]. For this reason, cost reduction
by producing more features per area is not that powerful.

An important cost factor which is affected by the large size of microfluidic devices
is the yield. The relationship between yield and size is exemplarily demonstrated
in Figure 2-6, showing a yield improvement from 0 % to 77 % by reducing the size
and placing more devices on a wafer. From the considerations above, it can be
stated that miniaturisation in microfluidics provides fewer opportunities for cost
reduction when compared to microelectronic devices.

2.2.5 Standardisation in product generation and manufacturing
Standardisation is generally accepted as a cost-reduction driver. The semiconduc-
tor industry is based on standard circuits which can be incorporated into different
devices using accurate models and established design rules. Basically, semiconduc-
tor manufacturing follows standard processes which are common to all devices:
oxidation, lithography, etching, doping, chemical vapour deposition and metallisa-
tion.

In contrast, the field of microfluidics is heterogenic and incorporates different plat-
forms, e.g. capillary driven test strips, pressure driven devices, electrokinetic de-
vices, centrifugal analysers, droplet based platforms and dispensing systems [105].
This diversity prevented the introduction of standards in the process of product
generation and manufacturing. The development of microfluidic devices often
starts from scratch and goes through several iterations making it slow and expen-
sive. In order to speed up the research and reduce prototyping costs, researchers
spend a lot of effort on developing simple and low cost fabrication processes. A
very important aspect in this context is to consider the production-oriented use of
the process at an early stage of the development. If this requirement is not proper-
ly considered, the step towards commercialisation might eliminate much of the
development effort and require additional work to make the device function
properly [106].

In a recent publication devoted to standardisation issues in microfluidics, it was
suggested to adopt existing standards instead of trying to implement new ap-
proaches on a technological basis and not driven by market needs [89]. Due to the
variety of microfluidic devices, standardisation is challenging but in fact there are
standards that can be used. Recently, microfluidic engineers have demonstrated
that widely used instruments like laboratory centrifuges, DVD drives and real-time
PCR cyclers can be used to run microfluidic devices. The devices were either solid
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plastic that can be produced by injection moulding, or foil cartridges manufactured
using a thermoforming technology derived from the pharmaceutical blister pack-
aging [107]. Besides the CD format, the micro titerplate [108] and the microscope
slide [109] are other standard formats which provide enough space for common
microfluidic applications and which can be well handled with existing laboratory
equipment.

2.2.6 Back-end costs

In semiconductor manufacturing, back-end processing refers to operations that
take place after the integrated circuits are created on the wafer. These operations
are dicing, electrical wiring, packaging and final testing and they are typically exe-
cuted according to a fixed sequence [110]. Likewise, back-end processing in micro-
fluidics comes after micromachining. A major difference is that each microfluidic
device requires an individual back-end procedure. Which steps are necessary and
the order in which they have to be performed depends on the device and the appli-
cation. Back-end processing in microfluidics accounts for a very significant part of
the manufacturing costs and may cause up to 80 % of the total manufacturing
costs [111].

Examples for back-end processes with a divergent contribution to costs in semi-
conductors and microfluidics are assembly, packaging and dicing. The assembly
and packaging of microfluidic inkjet printheads can amount to several times the
chip costs [93]. For thermal printheads, dicing is used to separate the dies and to
expose the dispensing nozzles. Since a chip on the nozzle edge may deflect ejected
droplets from their intended trajectory, dicing has to provide a smooth surface
without chipped edges. To meet this requirement, the ink-jet industry uses high
performance dicing saws with dynamic balancing, precision temperature control
of the water jet cooling and adapted dicing blades [112]. Examples for other
back-end processes of particular importance to microfluidics but of no relevance to
semiconductors are wafer bonding, drilling of fluidic access holes, surface modifi-
cation and the encapsulation of reagents.

2.2.7 Cost models

In the semiconductor industry, methods for calculation of the manufacturing costs
are widely used and can reliably predict the costs per area depending on the used
technology and the manufacturing volume. In microfluidics there are no cost mod-
els due to the fact that there are no standard processes. The costs in microfluidics
are highly dependent on the individual product and the costs per area might range
from comparable to those of semiconductors on the low side to orders of magni-
tude more expensive on the high side. Given the wide range and diversity of pro-
cesses involved in the fabrication of microfluidic devices, it is practically impossi-
ble to provide a general model that allows accurate cost estimation. Rough cost

24



2.2 Comparison to semiconductors

estimates can be obtained by using available MEMS cost models [113,114]. With
those models, however, even though the process chain is known, it is very difficult
to provide an estimation with reasonable accuracy until the device is in volume
production [93].

2.3 Calculation

Like any other performance parameter, the costs of a microfluidic device can be
measured with some degree of accuracy. Generally, when different approaches
have to be compared, engineers disregard overhead and concentrate on the direct
manufacturing costs. Each company has its own accounting method which suits
best to its products and the used manufacturing processes. The costs of a sili-
con/glass microfluidic device can be calculated by the following equations:

Costs per wafer

Cost device = 2.4
0sts per aevice Devices per wafer X Device yield (2.4)
Cost _ Total manufacturing costs 2 s
osts per wafer = Wafer batch size (2:5)
Total manufacturing costs
(2.6)

= Material costs + Machine costs + Operator costs

2.4 Techniques for cost reduction

Cost reduction can be achieved by different techniques, each of them associated
with a different amount of effort. An important question that has to be answered at
the beginning of a cost reduction project is how much effort is justified. The obvi-
ous answer is that the effort must not become more expensive than the achievable
total reduction over the lifetime of the product. Identifying the appropriate effort is
essential and depends on the cost per device, the production quantity and the
achievable cost reduction. Usually, higher effort is reasonable for expensive prod-
ucts in single-unit production and for low cost products in large quantities. In all
cases, any changes applied once a device has entered production, e.g. if it turns out
that manufacturing costs are higher than expected, are costly and time consuming
[91]. In cost reduction projects, consideration has to be given to the company size
and its core competence. Large companies have advantages due to their financial
power but organisational hierarchies and departmental thinking might be a hurdle.
Small to medium companies have the advantage of more informality because em-
ployees are active in multiple functions, but they often do not manage cost projects
systematically [115].
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One of the greatest opportunities to reduce manufacturing costs is through proper
setting of product requirements and specifications. Manufacturing tolerances are
an important factor, with tighter tolerances leading to higher costs. Since extreme-
ly tight tolerances add cost but do not explicitly add value to the device, tolerances
appropriately meeting the requirements have to be specified. In many cases, prod-
uct developers tend to consider only processes and materials which they are famil-
iar with. As a consequence, new and cost-effective alternatives, e.g. new develop-
ments in the suppliers market, are often neglected.

Empirical studies indicate that about 10 % reduction of the manufacturing costs
can be achieved by slimming down the product, i.e. better control in manufactur-
ing, standardisation of parts etc. Another 20 % to 30 % might result from an adap-
tive design project. In an adaptive design, the working principle remains the same
but sizes, materials or manufacturing processes are adapted to new requirements
and constraints. A reduction of more than 40 % often requires the development of
new concepts. Such concepts are developed within original design projects in
which problems are solved using new approaches or new combinations of known
solution principles [87]. Two commonly used methods for cost reduction are value
analysis and target cost oriented development.

2.4.1 Value analysis

Value analysis was developed in the 1940s by L. D. Miles in order to identify un-
necessary product costs, i.e. costs that do not provide functionality. Miles predicted
that 15 % to 25 % and very often even more of the manufacturing costs of a prod-
uct are unnecessary because they can be saved without any compromise in func-
tionality. Even though value analysis has additional advantages which do not show
up as cost reduction, its main objective is to provide equivalent performance for
lower cost [116]. By a widely accepted definition, the value of a product is the ratio
of function to costs and it can be increased by either improving the function or re-
ducing the costs:

Function
Value = ——— (2.7)
Costs

Over the years, the application areas of value analysis were extended to include
original design, i.e. development of new products, and immaterial objects [117].
However, in about 60 % of the cases, value analysis is still used for its originally
intended purpose: to eliminate unnecessary costs of existing products [87]. A
study based on 800 value analyses showed that in 80 % of the cases the repayment
period was less than one year [118]. By now, the potential of value analysis has
been confirmed by numerous studies. Recent data released by the Association of
German Engineers (VDI) and based on several thousand value analysis projects
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Figure 2-7: Value analysis workflow according to DIN EN 12973 [120].

shows a reduction of the manufacturing costs between 5 % and 60 % with an av-
erage of 20 % to 25 % [119]. These values are not static because cost improve-
ments are affected by a number of conditions that change with time and there is no
stable optimum. Eliminating unnecessary costs is a form of continued technical
progress and value analysis should be repeatedly updated in order to reflect tech-
nological and other changes.

Originally, value analysis was performed following a six-step procedure: the value
analysis job plan. Today, a value analysis is conducted on the basis of ten steps ac-
cording to EN 12973 [120]. An overview of these steps is shown in Figure 2-7.

2.4.2 Target cost oriented development

Target cost oriented development originates from the cost management process in
Japanese companies. In the traditional product development, the primary focus is
on performance with manufacturing costs being the basis for determining the sell-
ing price. In target costing, product development is based on what the customer is
willing to pay and not on what the manufacturing costs are. Therefore, the first
step is to establish a competitive selling price and, based on this, the target manu-
facturing costs are calculated by [121]:

Target cost = Selling price — Profit (2.8)

Target cost oriented development provides the financial framework at the very
beginning of the development process and has proven to be successful in different
industries. Similar to the evolution of value analysis, target costing has grown from
a simple cost reduction procedure to a strategic profit planning model. In fact,
some authors even consider value analysis as an integral part of target costing
which can be used as a tool to achieve the defined cost target [121].

27



2 COST STRUCTURE OF MICROFLUIDIC MANUFACTURING

2.4.3 General rules

Ehrlenspiel et al. used input from both value analysis and target costing and de-
fined a guideline with simple and generally applicable rules for the reduction of
manufacturing costs [87]. The guideline follows a natural way of thinking and, in a
more general sense, provides an adaptive procedure for the solution of different
problems. The guideline of Ehrlenspiel et al. does not provide a standard recipe but
rather an assistance in developing own solutions according to company and prod-
uct characteristics. According to this guideline, the reduction of manufacturing
costs can be broken down into three main steps: (1) task clarification, (2) solution
search and (3) solution selection.

The first step includes analysis of the current manufacturing costs, cost targets and
functional requirements. In the second step, alternative materials, processes and
assembly sequences are considered. Problems are split into sub-problems to sim-
plify the search for possible solutions. In the last step, the solutions are analysed
and evaluated with respect to the requirements. Here, engineers face the challenge
of deciding how important one requirement is with respect to the others and
which solution is the best. The decision process is based on simulations and/or
experiments and is often supported by multi-criteria decision methods. Such
methods are taken into consideration in order to analyse and understand complex
relationships. The analytic hierarchy process (AHP), one of the most widely used
methods for multi-criteria analysis, is used in this thesis and described in the next
chapter.

28



3 DECISION MAKING WITH THE ANALYTICAL
HIERARCHY PROCESS

The analytic hierarchy process (AHP) is a multi-criteria decision-making method
used to facilitate decisions that involve multiple criteria. The method was original-
ly devised by Saaty in the 1970s [122] and has been extensively analysed and re-
fined since then. Nowadays, the AHP is practised by scientists and engineers in
different application areas, e.g. manufacturing, social, management, political etc.
[123]. The fundamental input to the AHP are answers to a series of pairwise com-
parison questions which are used to establish priorities for the decision criteria
and to rank alternatives with respect to these criteria. In the comparison process,
the decision makers can use existing data but they also can judge based on their
personal impression. The comparison scale consists of verbal judgments which can
be transformed into numerical values according to the nine point importance scale
in Table 3-1. Thus, attributes measured on different scales, e.g. performance and
costs, can be compared to one another in a rational and consistent way. This flexi-
bility is one important property of the AHP. Once a set of criteria and alternatives
has been identified, the AHP can be performed by the flowchart presented in Fig-
ure 3-1. The main steps of the AHP are described in the next sections.

Table 3-1: The fundamental scale of the AHP. The scale enables to transform verbal judgments into
numerical values in order to establish priorities for the decision criteria and rank different alterna-
tives with respect to those criteria [122].

Importance . .
P Definition Explanation
scale
. Two activities contribute equally to the
1 Equal importance o
objective.
. Experience and judgment slightly favour
3 Moderate importance perien Juds sty
one activity over another.
: Experience and judgment strongly favour
5 Strong importance perien Juds gy
one activity over another.
. An activity is strongly favoured and its
7 Very strong importance . Y s . .
dominance is demonstrated in practice.
The evidence favouring one activity over
9 Extreme importance another is of the highest possible order of

affirmation.

2,4,6,8 Intermediate values between two adjacent judgments

If activity i has one of the above numbers assigned to it when com-
Reciprocals pared with activity j, then j has the reciprocal value when compared
with i.

29



3 DECISION MAKING WITH THE ANALYTICAL HIERARCHY PROCESS

Developa Perform judgments based Perform
hierarchical framework on pairwise comparisons consistency analysis
No
Synthesise Establish
the priorities priorities
Yes
Come to a
final decision

Figure 3-1: The workflow of the AHP.

3.1 The hierarchical framework

In the AHP, the first step is to provide an overall view of the decision problem by
decomposing it into a multi-level hierarchic structure. In its simplest form, the hi-
erarchy comprises three levels: The overall goal is in the top level, in the second
level are the criteria which contribute to the goal, and the lowest level represents
the alternatives which have to be evaluated in terms of the criteria. Figure 3-2
shows a three-level hierarchy with four criteria and three alternatives. In AHP
terminology, each box is called a node. A node that is connected to one or more
nodes in a level below is called a parent and the nodes in the level below are its
children. The number of nodes in one hierarchical level should be no more than
seven. The background for this conclusion is the experimental finding that there is
a limit of human capacity to process information on simultaneously interacting
elements with reliable accuracy, and that this limit is seven [124]. Therefore, crite-
ria are often arranged in a cluster. In this way, it is possible to focus more narrowly
on one specific part of the problem while keeping the complexity at a manageable
level.

Overall goal

Alternative A,

Figure 3-2: A hierarchical framework with four criteria and three possible alternatives.
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3.2 The pairwise comparison process

3.2 The pairwise comparison process

After the hierarchical framework has been set, the comparison process is accom-
plished by comparing the nodes having a common parent in the hierarchical
framework. The comparison process starts at the top of the hierarchy by asking a
question like: “How important is criterion C; relative to criterion C, with respect to
the overall goal?”. The judgments are performed by using the fundamental scale in
Table 3-1 and arranged in a quadratic matrix as shown in Table 3-2. The diagonal
elements, i.e. when one node is compared to itself, are always 1, and the elements
below the diagonal are the reciprocal mirror image of the elements above it. Math-
ematically, such comparison matrix is characterised by:

a;; = 1 (32)
al-j = 1/aﬂ (33)

Once the pairwise comparison for one level is completed, a series of further com-
parisons are performed for the nodes in the lower levels. The comparisons at the
lowest level give the relative performance of the alternatives with respect to their
parent criterion. Here, the questions to be answered are of the kind: “How is alter-
native A; performing compared to alternative A, with respect to criterion C;?".

Generally, if a decision problem has m alternatives and n criteria, then n compari-
son matrices of order m X m and one additional matrix of order n X n have to be
built. In case of the hierarchy in Figure 3-2, there will be a total of five comparison
matrices: four 3 X 3 matrices for comparing the three alternatives with respect to
each of the four criteria and one 4 X 4 matrix for comparing the criteria with re-
spect to the goal.

Table 3-2: An example of a pairwise comparison matrix for evaluating the relative importance of
the four criteria C;to C, with respect to the overall goal.

G G G G

Criterion C; 1 7 5 9
Criterion C, 171 1/3 3
Criterion C3 /s 3 1 3
Criterion C, 1/9 1/3 173 1
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3 DECISION MAKING WITH THE ANALYTICAL HIERARCHY PROCESS

3.3 Consistency analysis
A comparison matrix 4 is completely consistent if the following condition is satis-
fied:

air * akj = aij (34‘)

However, perfect consistency rarely occurs in practice and inconsistent judgments
occur due to different reasons, especially when dealing with a high number of
comparisons. For example, the judgments a;; = 3 and a;; = 5 cause inconsistency
simply because a;; = 15 is outside the upper limit of the scale (which is 9). Be-
sides, it might be difficult to achieve consistency because, given three alternatives
A4, A, and A3 the decision maker might prefer A; over A,, A, over A; but A; over
A;. Obviously, it is unrealistic to expect judgments which are absolutely consistent
and insisting on an absolute consistency in the AHP is not advisable [125]. Instead,
the AHP provides a measure of inconsistency and as long as the inconsistency does
not exceed a certain threshold, it is considered as a natural phenomenon and not
as a consequence of judgment errors.

A comparison matrix has satisfactory consistency when the consistency ratio
CR < 0.1. If CR > 0.1, judgment iterations have to be performed again. The CR is
defined as the ratio of the consistency index CI to the so called random index RI:

Cl

CR = —
RI

(3.5)

The RI can be taken from Table 3-3 and the consistency index can be calculated to:

A —
cp = Zmax "1t (3.6)

n—1
where A,,,x is the maximum eigenvalue and n is the dimension of the comparison
matrix. Using Equations 3.5 and 3.6, the consistency ratio of the sample matrix
from Table 3-2 was is calculated to be CR = 0.064, and consequently the con-

sistency condition is met.

Table 3-3: Random index (RI) for different matrix dimensions n obtained by Saaty [122]. The RI is
the arithmetic mean of consistency indexes obtained from randomly generated matrices. The value
depends on the simulation method and the number of matrices involved in the process.

n 3 4 5 6 7 8 9 10
RI'| 058 09 1.12 124 132 141 145 149
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3.4 Prioritisation

Prioritisation assigns priorities to the nodes in the hierarchy so that the judgments
from the comparison matrices are satisfied. The priorities are represented by the
priority vector Wpg which is typically the normalised principal eigenvector of the
matrix [122]. Mathematically speaking, the principal eigenvector W of a matrix is
the eigenvector corresponding to the eigenvalue of largest magnitude and can be
obtained by:

A W=y W (3.7)

where A is the comparison matrix and A,y is its maximal eigenvalue. For the sam-
ple matrix in Table 3-2, the principal eigenvector was calculated to:

w=1(0.950 0.143 0.267 0.076) (3.8)

The priority vector Wppg is obtained by normalisation of the eigenvector, i.e. divid-
ing each component by the sum of all components so that the sum of all priorities
equals one. The priority vector corresponding to the eigenvector above was calcu-
lated to:

Wpr = (0.662 0.099 0.186 0.053) (3.9

The higher the priority of a criterion, the more important it is for achieving the
goal, and the higher the priority of an alternative, the better it satisfies the criteri-
on, i.e. the most important criterion is C;, followed by C;, C, and C,. When the hier-
archy has more than one criteria level, the priorities obtained in this way are called
local priorities because they only represent the priority of each criterion with re-
spect to the parent at the next higher level. In this case, the importance of a given
criterion in the overall context is represented by its global priority which is ob-
tained by multiplying the local priority by the global priority of its parent. At the
level immediately below the goal, there is no difference between local and global
priorities because the priority of the goal is by definition equal to 1.

3.5 Synthesis

In this step, the priority of each alternative with respect to the overall goal is ob-
tained. Considering a decision-making problem with m alternatives and n criteria,
the prioritisation results are collected in a decision matrix of the dimension m X n
(Table 3-4). In contrast to the pairwise comparison matrix, the decision matrix is
not necessarily quadratic. After the decision matrix is completed, the global priori-
ty pa; for a given alternative 4; is calculated by:
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3 DECISION MAKING WITH THE ANALYTICAL HIERARCHY PROCESS

Table 3-4: A decision matrix with m alternatives and n criteria. a;; is the priority of the alternative
A; with respect to the criterion Cj, and wj; is the priority of C;. In contrast to the comparison matrix,
the decision matrix is not necessarily quadratic.

Criteria C; ¢, C .. Gy
Priority of C; Wy Wy .. Wy
Alternative A; dq1 d12 .- A1p
Alternative 4, dz1 A2 .- Qdzp
Alternative A, \ami Qm2 -+ @mn
n
Pai = z Wj . aAi(j) (310)
j=1

where a;; is the priority of the alternative A; with respect to the criterion C; and w;
is the priority of C;. Synthesis can be performed in either the distributive mode or
ideal mode. The choice of the synthesis mode depends on the purpose of the deci-
sion making process. As shown in Table 3-5, the distributive and the ideal mode
lead to different priorities and might even lead to a different ranking of the alterna-
tives. The main characteristics of the two modes are outlined in the sections below,
a detailed description and a guideline for selection can be found in [126].

3.5.1 Distributive mode

The distributive mode is appropriate when all alternatives are relevant and the
purpose of the decision making process is to prioritise the alternatives against
each other. In the distributive mode, the rank order of the alternatives may change
when alternatives are added or deleted. This phenomenon is called rank reversal
and it occurs because the priority of each alternative is based on normalised priori-
ties that sum up to 1:

iai =1 (3.11)

i=1

Rank reversal means, for example, that even though alternative A; might be pre-
ferred to A, before A; has been introduced, A, might become preferred to A; with
the introduction of As;.

3.5.2 Ideal mode

In contrast to the distributive mode, the ideal mode preserves the rank of the al-
ternatives when new alternatives are added. The ideal mode is used when the con-
cern of the decision making process is to identify the one best alternative and the
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3.5 Synthesis

others do not matter. In the ideal mode, the priority of each alternative with re-
spect to a given criterion is divided by the largest priority. In this way, the priority
of the most preferred alternative becomes ideal: it receives the value of 1 and re-
spectively the entire priority of the criterion (Table 3-5). The ideal mode avoids
the effect of alternatives with equal or similar priorities on the decision outcome:
for example when A; and A, are both low-cost and have both reasonable perfor-
mance, and A3 is expensive but has an outstanding performance. In the distributive
mode, A; and A, would cut into each other’s priority because the priority with re-
spect to cost would be distributed among all alternatives. In contrast, the ideal
mode gives the entire priority of cost to the device with lowest cost (4; or 4,),
thereby making it a stronger competitor to 4;.

At the end of this chapter it should be mentioned that the AHP is a complex math-
ematical science and the analysis performed in the thesis represents a small part of
the topic. For further reading, [127] and the references therein are recommended.

Table 3-5: Synthesis with the distributive and the ideal mode. In this example, both modes assign
different priorities but lead to the same ranking of the alternatives. The numerical values for this
example were adapted from [128].

Distributive mode
C1 &) C3 Cy
0.662 0.292 0.055 0.064 Priority Rank

Alternative A, <O.754 0.233 0.754 0.333) 0.630 1st

Alternative A, | 0.181 0.055 0.065 0.333 0.161 3rd
Alternative A; \0.065 0.713 0.181 0.333 0.282  2nd

Ideal mode
G C, Cs Cy
0.662 0.292 0.055 0.064 Priority Rank
Alternative A, <1.000 0.327 1.000 1.000) 0.876 1st

Alternative A, | 0.240 0.007 0.086 1.000 0.250  3rd
Alternative A; \0.086 1.000 0.240 1.000 0.426  2nd
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4 ANALYSIS OF THE CURRENT FABRICATION PROCESS

In this chapter, the current printhead fabrication process is analysed with a focus
on costs, lead time, yield and lifetime. The analysis is used to identify the optimisa-
tion potential and is based on process worksheets from the serial printhead pro-
duction. Primarily, these worksheets provide information about the involved pro-
cesses and the corresponding machine and operator times but they also help to
determine yield limiting factors and estimate the rework durations and lead time.
The chapter is structured as follows: First, the current silicon/glass fabrication
process is described and the manufacturing yield and lead time are estimated. The
machine and operator times from the worksheets are used to perform cost analy-
sis: the individual cost drivers are identified and the relationship between manu-
facturing costs and production volume is shown. Finally, the printhead lifetime is
discussed.

4.1 Fabrication

The current printheads, revision R24, are fabricated in silicon/glass technology
using 100mm wafers. The footprint of one silicon die is approx. 19 mm x 35 mm
and the maximum number of printheads that can be placed one wafer is six, which
corresponds well to Equation 2.3. As shown in Figure 4-1, the production can be
represented by twelve process blocks. Each process block consists of one or more
process steps which are shown in Table A 1 in the Appendix. The fabrication pro-
cess is illustrated in Figure 4-2.

On the top side, two masking materials are required in order to achieve two differ-
ent depth levels: one level for the microfluidic structures and another level for
trenches for dicing release. The masking materials are photoresist and oxide for
the first and second etching step, respectively. This combination enables selective
removal of the photoresist mask before performing the second etching step. The
oxide mask is patterned by lithography and reactive ion etching (RIE), and the re-
sist mask by lithography. The wafer is etched by deep reactive ion etching (DRIE).

LithographyI H Lithography II H DRIEI ‘
|
v
| DRIEN | Lithographylll |—|  DRIEII  |—3{ Passivation |
|
i
‘ Bond I H Bond II H Dicing H Final inspection )

Figure 4-1: Production workflow of the current silicon/glass printheads.

37



4 ANALYSIS OF THE CURRENT FABRICATION PROCESS

Once the top side processing is completed, thermal oxide is grown on both sides of
the silicon wafer. On the bottom side, the oxide layer serves as a mask for the third
DRIE step, and on the top side as an etch stop. Due to the well-known feature size
dependence and non-uniformity of the etch rate across the wafer diameter, some
features experience longer overetch than others. To avoid damage of the struc-
tures at the interface with the oxide (notching), the SOI kit from STS is used. The
SOI kit helps to avoid notching by reducing the ionic charging at the oxide layer
[129]. After the third DRIE step, a thin thermal oxide layer for passivation of the
microfluidic structures is grown on both sides of the wafer. Using anodic bonding,
the wafer is sandwiched between two semi-finished glass substrates with fluidic
access holes. The final thickness of the achieved glass/silicon/glass stack is

LithographyI

Lithography II

DRIEI

DRIEII

Lithography III

DRIE I11I
N = llll.."— I i

BondI

= ¥ ¥ I _FEEENNNEN §F §F ¥ U

Bond II

B 10101 e

Dicing

o 510

| | | O

Silicon Oxide Photoresist Glass

Figure 4-2: Fabrication process for the silicon/glass printheads. A silicon wafer is structured by
DRIE and sandwiched between two glass layers by anodic bonding. The individual printheads are
separated at the end of the process by dicing through the silicon/glass triple stack.
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2.53 mm. The process ends by dicing with a conventional diamond saw blade using
a recipe with 48 dicing paths per wafer.

4.2 Lead time and yield

In the context of the thesis, lead time is considered as the period of time between
the start and the completion of a production cycle. In manufacturing facilities, the
production resources are shared between different products and their availability
depends on factors such as product priority, production control and machine
maintenance. The lead time analysis in this section is based on the following as-
sumptions:

» The availability of resources and production control does not allow starting
more than one process per day.

= Each 8 hours of operator and machine time or a part of thereof result in one
day of process duration, i.e. one day lead time. Thermal oxidation is an excep-
tion with each 24 hours of machine time resulting in one day.

» A process block is never reworked more than once.

With the above assumptions, three lead times were estimated: optimistic, expected
and pessimistic. The optimistic lead time (LTop7) is an extreme case assuming that
all parameters are within the specifications and neither process needs to be re-
worked. The optimistic lead time for one complete production cycle is the sum of
the optimistic lead times of the twelve process blocks:

12
LTopr = Z LTopr, (4.1)

i=1

Using Equation 4.1, the above assumptions and the machine and operator times
from Table A 1 in the Appendix, the optimistic lead time was calculated to be 35
days (LTypr = 35 days).

Another extreme is represented by the pessimistic lead time (LTpgs), i.e. the pro-
duction is so unstable that each process block has to be reworked (with exception
of cases where rework is not possible). The pessimistic lead time is given by the
sum of the optimistic lead time and the rework duration (RD) of each process
block:

12
LTPES == LTOPT + Z RDL (42)

=1
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4 ANALYSIS OF THE CURRENT FABRICATION PROCESS

The rework duration depends on the rework strategy of the corresponding process
block. A common rework strategy of the process blocks Lithography I-III is to strip
the masking layer and repeat the lithography steps. This does not produce a re-
work of other process blocks and therefore the rework duration for Lithography
was considered equal to the corresponding optimistic lead time (RDyirho1—m =
LTopr LiTHO 1-111)- The same applies to the rework duration of the process block
Passivation (RDpass = LTopr pass)- In certain cases, however, a failure might re-
quire to rework more than one process block. In this case, the rework duration
takes longer than the corresponding optimistic lead time (RD; > LTopr;). This sit-
uation applies to the process blocks Bonding and Dicing where the rework strategy
involves HF dip to remove the inaccurately bonded or diced glass substrates. Since
the HF removes all glass substrates and the passivation layer, this rework sets the
production back to the process block Passivation. As a consequence, rework of
Bonding I/Il and Dicing takes longer than the corresponding optimistic lead time.
Obviously, when rework is not possible (rework probability RP = 0 %), the re-
work duration is 0 days (RDprigi-i1 = RDinsp = 0). From the above considera-
tions, LTopt = 35 days and using Equation 4.2, the pessimistic lead time was calcu-
lated to be 59 days (LTres = 59 days). The uncertainty of lead time prediction ex-
pressed by the difference between the pessimistic and the optimistic lead time is
24 days.

Both the optimistic and pessimistic lead times are extremes that describe the low-
er and upper limit of the lead time. A realistic indication of the lead time is given by
the expected lead time which is the sum of the optimistic lead time and the
weighted rework duration RDyyg; of each process block:

12

LTgxp = LTopr + z RDwg; i (4.3)

=1

The weighted rework duration can be expressed to:
RDWEI,L' = RPL ) RDl (44)

where RP; is the rework probability, an important indicator for the efficiency of a
process. The rework probability is a rule of thumb which estimates the chance that
a process block will produce a rework. In the current fabrication process, rework is
most often caused by lithography related steps where the estimated rework prob-
ability is 20 %. Possible failure modes in lithography are air bubbles or radial in-
homogeneities (comet-like structures) in the resist layer, partially uncoated wafer
areas, sticking between mask and resist layer, insufficient resist adhesion or im-
proper exposure dose. Other process blocks with a relatively high rework proba-
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bility of 10 % are Bonding and Dicing. Typical failure modes related to anodic
bonding are voids due to particle contamination or trapped air between the sub-
strates. Other failure modes are non-bonded areas due to filmic contamination or
insufficient substrate flatness. Particularly critical are bonding failures between
microchannels because they represent risk for cross-talk. Among all other process
blocks, Dicing has a special significance since it is the step where the wafers have
their highest value. Possible failure modes in Dicing are chipping and cracking of
the top glass layer and correspondingly inacceptable edge quality.

Process blocks with a low or close to zero rework probability are Passivation,
DRIE and Final inspection. The most probable failure mode in Passivation is a de-
viation from the specified thickness of the oxide layer. The chance for such a devia-
tion is estimated at 5 %. Regarding DRIE, there is no rework strategy because DRIE
removes material from the wafer and consequently its rework probability is 0 %.
The rework probability of Final inspection is 0 % too, because the process block is
performed after dicing and therefore rework is not possible.

Using Equations 4.3 and 4.4 and the above estimates regarding rework probability
and duration, the expected lead time was calculated to be 42 days (LTgxp =
42 days), or approx. 20 % longer than the optimistic lead time. In other words, 7
days or more than 15 % of the time required for production of the silicon/glass
printheads is caused by rework. An overview of the rework durations and the cal-
culated lead times for all process blocks is presented in Table 4-1.

Table 4-1: Overview of the lead time and yield analysis for the silicon/glass printheads. LTopr, LTExp
and LTpzs are the optimistic, expected and pessimistic lead times. RD is the rework duration and RP
is the rework probability, i.e. the chance that a process block will produce a rework. FPY and Y are
the first pass yield and the process yield after rework. Machine and operator times are taken from
Table A 1 in the Appendix. Time units smaller than 24 hours are rounded to one day.

Incaseof LTgpr RD FPY RP Y LTgxp  LTpgs

#  Process block rework [days] [days] [%] [%] [%] [days] [days]
1  Start n/a 2 0 100 0 100 2 2
2 LithographyI Repeat 5 5 80 20 100 6 10
3  LithographyII Repeat 1 1 80 20 100 2 2
4 DRIEI n/a 4 0 95 0 95 4 4
5 DRIEII n/a 5 0 95 0 95 5 5
6  Lithography III Repeat 3 3 80 20 100 4 6
7 DRIEIII n/a 5 0 95 0 95 5 5
8 Passivation Repeat 1 1 95 5 100 2 2
9 Bondingl Back to #8 2 3 80 10 90 3 5
10 BondinglI Back to #8 1 4 80 10 90 2 5
11 Dicing Back to #8 3 7 80 10 90 4 10
12 Final inspection n/a 3 0 96 0 96 3 3
TOTAL 35 24 20 n/a 60 42 59

NN
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4 ANALYSIS OF THE CURRENT FABRICATION PROCESS

The yield of a process block was calculated to:
Y; = RP; + FPY; (4.5)

where FPY is the first pass yield of the process block, i.e. the quotient of number of
wafers to specification without rework to the number of wafers entering the pro-
cess block. The first pass yield, rework probability and waste are linked by the fol-
lowing relation:

RP; + FPY; + Waste; = 100 % (4.6)

Realistic values for the first pass yield based on experience acquired from the seri-
al printhead production are listed in Table 4-1. By substituting these values in
Equations 2.1 and 4.5, the total yield was calculated to be 60 %. The most signifi-
cant contributors to waste are the process blocks Bonding and Dicing. In case of
bonding and dicing failures, rework is not always carried out because of the long
rework duration and relatively high rework cost. If the failures cause only cosmetic
deviations, the affected printheads can still be used for training purposes or exper-
iments but not for sale.

4.3 Cost analysis

Due to the confidentiality of cost data, the cost analysis was performed using the
imaginary monetary unit M.U. instead of Euro. The calculation of the manufactur-
ing cost was based on the following assumptions:

* Machine time (machine running without operator intervention) costs 130 M.U.
per hour.

= QOperator time costs 130 M.U. per hour.

= All processes are performed using equipment for single-wafer processing, ex-
cept for wet-etching of SiO2 and thermal oxidation, where the batch size is 25
and 50 wafers, respectively.

Lithography masks, silicon wafers and semi-finished glass substrates with fluidic
access holes are purchased from commercial suppliers. The lithography masks are
considered as fixed material costs, and both silicon wafers and glass substrates are
considered as variable material costs. An overview of the material costs is present-
ed in Table 4-2. Consumables such as photoresists, chemicals, gloves etc. are con-
sidered as overhead and are not included in the analysis. Using Equations 2.4 to
2.6, the manufacturing costs per printhead (Cpy) can be written as the sum of the
fixed (Cyatrix) and variable material costs (Cyarvar), machine costs (Cya) and
operator costs (Cop) divided by the product of wafer lot size (S), number of print-
heads per wafer (n) and total yield Yror:
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4.3 Cost analysis

Table 4-2: Material costs involved in the manufacturing of the silicon/glass printheads.

# Item Cost type Unit Qty. Value
1 Lithography mask set Fixed M.U. 1 2400
2 Silicon wafers Variable  M.U. 1 80

3 Semi-finished glass substrates (Top) Variable M.U. 1 400

4 Semi-finished glass substrates (Bottom) Variable M.U. 1 500

Cone = Cumatrix + Cmatvar + Cva + Cop (4.7)
PH S ‘n- YTOT '

Substituting n = 6 and Yot = 60 % in Equation 4.7 and with the processing times
from Table A 1 in the Appendix, the manufacturing costs per printhead were calcu-
lated for different production volumes. The calculation revealed that the costs per
printhead decrease by about 50 % when the production volume is increased from
10 to 100 printheads. For production volumes smaller than 40 printheads, the
costs decrease very rapidly with increasing volume. For quantities between 40 and
70, the decrease slows down and for quantities larger than 70 it becomes close to
zero, i.e. the effect of economy of scale is practically cancelled out (Figure 4-3(a)).

For more detailed analysis, the cost drivers were divided into two groups. The first
group considers all costs related to silicon micromachining, i.e. items #1 and #2
from Table 4-2 and all process blocks up to and including Passivation from Figure
4-1. The second group considers all costs that arise after silicon micromachining is
completed, i.e. items #3 and #4 and all process blocks after and including Bond I.
This classification showed the high significance of the non-silicon related process-
es. Depending on the production volume, the second costs group (back-end costs)

— 70 — . .
= 100} ¢ 1 —_ ¢ Silicon micromachining
o X .
E 90 | @ 60f Back-end processing |
— w *
£ ¢ 3 ‘ /
5 807 pt *

- -
) * x 507 AT
s 70 * S “”’0«000
v * z
o
S 60f e i &0
£ ML LRI £
2 507 1

30

10 20 30 40 50 60 70 80 90100 10 20 30 40 50 60 70 80 90100

(a) Production volume (b) Production volume

Figure 4-3: Relation between manufacturing costs and production volume. (a) Total costs per
printhead normalised to the costs per printhead at a production volume of 10. (b) Proportionate
costs for silicon micromachining and back-end processing for production volumes of 10 to 100.
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4 ANALYSIS OF THE CURRENT FABRICATION PROCESS

accounts for approx. 30 % to 55 % of the total manufacturing costs with increasing
importance for higher production volumes. By contrast, silicon micromachining
has a higher contribution to costs for smaller quantities and its cost fraction de-
creases from almost 70 % to less than 45 % when the production volume increases
from 10 to 100. As shown in Figure 4-3(b), cost optimisation of silicon related pro-
cesses will have a higher impact for production volumes below 40 and optimisa-
tion of back-end costs is more important for production volumes above 40. This
relationship suggests that cost optimisation for lot sizes of 10 to 100 requires the
consideration of both silicon micromachining and back-end processing.

4.4 Lifetime

Lifetime analysis is usually performed using accelerated testing conditions where
stresses that appear in normal operation are “accelerated” in order to accelerate
the time to failure. With appropriate acceleration models, the accelerated time to
failure can be used to calculate the lifetime under normal operation conditions.
Possible failure modes for TopSpot printheads are material fatigue (accelerated by
the number of printing cycles), plastic deformation (temperature, mechanical load)
and corrosion (humidity, temperature). However, a quantitative lifetime study
based on accelerated lifetime models was not a part of the thesis. Instead, the life-
time is discussed based on general material considerations and experience with
silicon/glass printheads in the field.

Silicon is well-known for its pure crystalline structure resulting in no mechanical
hysteresis and respectively no material fatigue under all possible conditions (one
of the reasons for being a perfect material for sensors). Besides, silicon is an elastic
material with no plasticity or creep below 800 °C. Similarly, fatigue and plastic de-
formation of glass are of minor importance as long as the temperature remains
below the softening temperature. Thus, it can be concluded that material fatigue
and plastic deformation are not lifetime limiting factors for the silicon/glass print-
heads. Since the anodic bond takes place at temperatures which are well above the
maximum operating temperature of the printheads, temperature induced degrada-
tion of the bond is not expected. Docmeci et al. reported on accelerated corrosion
test of anodically bonded silicon/glass packages in saline and deionised water so-
lutions and predicted a lifetime of 177 years at 37 °C [244]. Based on the above
considerations and years of intensive use in the field, it can be concluded that
when the silicon/glass printheads are properly used, their lifetime is practically
unlimited.
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5 DESIGN OPTIMISATION FOR MINIMUM COSTS

The main issue addressed in this chapter is the possibility for cost optimisation of
the silicon/glass printheads. The optimisation analysis was based on the require-
ment that reduced manufacturing costs should have no or only little adverse im-
pact on the functionality of the printheads. The chapter is subdivided into two sec-
tions: Section 5.1 explores the possibility for cost reduction by scaling, i.e. cost re-
duction without technological changes, by just making the printheads smaller
and/or moving to larger wafers. The possibilities for cost reduction by technologi-
cal innovation are described in Section 5.2, where new printhead designs based on
alternative fabrication processes and material combinations are presented.

5.1 Cost reduction by scaling

Scaling enables to achieve more printheads from one wafer and reduce the manu-
facturing costs without changing the fabrication process. The underlying principle
is that most operations of the fabrication process presented in Section 4.1 take a
fixed amount of time and do not depend on the wafer size or the number of print-
heads on it. The size of the printheads is limited mainly by the reservoir pitch. In
the current design, the reservoir pitch is 4.5 mm, which corresponds to the well
spacing of a 384-well microtiter plate. This pitch results in a printhead size of
655 mm? and enables to achieve six printheads from one 100mm wafer (Figure
5-1(a)). Reducing the reservoir pitch to 2.25 mm, corresponding to the well spac-
ing of a 1536-well microtiter plate, leads to a printhead size of 310 mm?, which
enables to achieve 13 printheads from the same wafer size. By combining the
smaller printheads with the next larger wafer size (150 mm), the number of print-
heads placed on one wafer can be increased to 35, almost a factor of 6. Possible die
arrangements for 100mm and 150mm wafers are depicted in Figure 5-1(b). Even
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Figure 5-1: (a) Arrangement of the printheads on a 100mm wafer as implemented by the current
design. (b) Reducing the reservoir pitch without transition to larger wafers enables to achieve 13
printheads per wafer (arrangement A1). By reducing the reservoir pitch and using 150mm wafers,
the number of printheads per wafer can be increased up to 35 (arrangement A2).
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5 DESIGN OPTIMISATION FOR MINIMUM COSTS

larger wafer sizes were not considered as they are not supported by the equipment
in typical MEMS foundries.

The increased dicing length in A1 and A2 will lower the dicing yield and to some
extent compensate for the yield improvement by the smaller printhead size. In a
first approximation, it can be assumed that the dicing yield for A1 and A2 will drop
to approx. 80 % due to the higher number of dicing paths. The first pass yield in
the process blocks Lithography 1 to 3 will increase but without bringing significant
improvements in the process yields which are still close to 100 %. Furthermore, it
can be assumed that the DRIE process itself does not introduce additional defects
and the process yield would remain unaffected by the scaling. In contrast, the
smaller printhead size will slightly increase the bonding yield and the yield after
final inspection. Based on the above assumptions, the total yield for the arrange-
ments Al and A2 would remain roughly unchanged with respect to the current
design (Table 5-1).

The cost analysis for the arrangement A1 and A2 in Figure 5-1(b) was performed
corresponding to Section 4.3 considering appropriate scaling factors for material
costs and for the size dependent processes blocks Dicing and Final inspection. The
material costs for the arrangement A2 were obtained using the scaling factor 2.25,
i.e. the quotient of the area of a 150mm wafer by the area of a 100mm wafer. The
time required for the process block Final inspection was adapted using the scaling
factors of 2.2 and 5.8 for A1 and A2, respectively. These factors represent the quo-
tients of the number of printheads per wafer (13 and 35) by the current number of
printheads per wafer (6). The process time for Dicing was achieved using the fac-

Table 5-1: Expected yield values for A1 and A2. The yield values of the current design are shown
for comparison.

4  Process block Current design After scaling (A1/A2)
FPY RP Y FPY RP Y

1  Start 100 0 100 100 0 100

2 Lithography I 80 20 100 90 10 100

3 Lithography II 80 20 100 90 10 100
4 DRIEI 95 0 95 95 0 95
5 DRIEII 95 0 95 95 0 95

6  Lithography III 80 20 100 90 10 100
7  DRIEIII 95 0 95 95 0 95

8  Passivation 95 5 100 95 5 100
9 Bonding] 80 10 90 80 15 95
10 BondingIl 80 10 90 80 15 95
11 Dicing 80 10 90 70 10 80
12 Final inspection 96 0 96 97 0 97
TOTAL 20 n/a 60 26 n/a 60
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5.1 Cost reduction by scaling

tors 1.5 and 4.9 for Al and A2, respectively. 1.5 is the quotient of the number of
dicing paths in A1 (72) by the number of dicing paths in the current design (48).
4.9 is the quotient of the number of dicing paths in A2 (156) by the number of dic-
ing paths in the current design, multiplied by 1.5 (quotient of wafer diameters).
The used cost scaling factors are depicted in Table 5-2.

Based on a yield of 60 %, the achievable reduction of the manufacturing costs was
calculated to be in the range of 25 % to 50 %, depending on the production volume
and wafer size (Figure 5-2). Larger production volumes cause higher cost reduc-
tions than smaller ones, and the reduction achieved by A2 is higher compared to
Al. The reasons for the relatively small cost reduction compared to the highly in-
creased number of printheads are the higher material costs associated with the
larger wafer size and the increased process time for Dicing and Final inspection
(Figure 5-3). For example, dicing of one A2 wafer takes almost 23 hours (machine
and operator), which makes dicing the highest individual cost factor. Expressed in
another way, nearly 40 % of the manufacturing costs for a batch size of 3 wafers

Table 5-2: Cost scaling factors for the arrangements A1l and A2 from Figure 5-1(b) with respect to
the current design.

Affected cost driver Al A2
Material costs 1 2.25
Processing time for Dicing 1.5 49

Processing time for Final inspection 2.2 5.8
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Figure 5-2: Costs behaviour of Al and A2 for production volumes of 10 to 100. The calculation is
based on a yield of 60 %. The considered wafer batch sizes are 2 to 12 for Al (production volume of
15 to 93) and 1 to 4 for A2 (production volume of 21 to 84). Smaller and larger wafer batches are
not considered as the corresponding printhead outcomes are outside the range of interest.
(a) Costs per printhead normalised to the current costs per printhead at a production volume of 10.
(b) Achievable cost reduction with respect to the same production volume.
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Figure 5-3: Comparison of cost breakdown for a production volume of 60 printheads.

(corresponding to 63 printheads, assuming 35 printheads per wafer and a yield of
60 %) would be caused by dicing. Obviously, the difference between A1 and A2 is
almost negligible for the investigated production volume. The reason for this is
that for production volumes smaller than 100, the potential of A2 is still far from
being exhausted. As the data presented in Figure 5-2 makes clear, cost reduction
higher than 50 % requires new designs and alternatives to the established sili-
con/glass technologies. Such alternatives are presented in the next section.

5.2 Costreduction by technological innovation

In the last years, increased attention has been given to the role of polymers in mi-
crofluidics [111]. Among the most widely used materials are the silicon rubber
Poly(dimethylsiloxane) (PDMS) [130], the epoxy based photoresist SU-8 [131] and
thermoplastic materials, typically poly(methylmethacrylate) (PMMA) [132], poly-
carbonate (PC) [133] and cyclic olefin copolymer (COC) [134]. The main reason for
the increased use of thermoplastics is the fact that they can be easily shaped by
applying heat and pressure, which enables to produce a large number of devices by
replicating a master structure.

Another polymer group with increasing importance in microfluidics is that of dry
film resists [135]. In contrast to liquid resists which are applied to the substrate by
spraying, dipping or spin coating, dry film resists are available in a sheet form and
are usually applied in a lamination process.

Using dry film resists, two solutions were identified as the most promising candi-
dates for achieving higher cost-reduction and flexibility beyond what is possible by
scaling alone: the hybrid silicon/polymer and the all-polymer approach. Both ap-
proaches consider polymers in general, and dry film resists in particular, as a sub-
stitute to silicon/glass. The main difference between them is the extent to which
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5.2 Cost reduction by technological innovation

dry film resists are present in the final printheads. In the following sections, an
introduction to the use of dry film resists in microfluidics is given, the process of
material choice is discussed and the two printhead concepts are presented.

5.2.1 Dry film resists for microfluidics and MEMS

Although relatively new to microfluidics and MEMS, dry film resists are well estab-
lished as a masking material for the patterning of circuit layouts in the printed cir-
cuit board (PCB) industry. Dry film resists were introduced in the 1960s by DuPont
as alternative to liquid photoresists and have found wide acceptance, especially for
the fabrication of printed circuit boards with plated through holes [136]. Dry film
resists provide the photoresist as a very viscous (“dry”) liquid sandwiched be-
tween two protective sheets and rolled up on a pipe core. To make this very vis-
cous layer conform to the substrate surface, heat and pressure are applied in a
lamination step. In this way, the resist can be used to cover cavities without flow-
ing into them (tenting). The thickness uniformity obtained by lamination is high
over the wafer diameter and no edge bead removal is required, as this is the case
with thick liquid resist. Since dry film resists are not diluted by a solvent, no drying
(soft-bake) is required prior to exposure. Even though dry film resists vary in their
physical properties, many of them have common features which make them the
material of choice for numerous applications (Figure 5-4).

The majority of dry film resists borrowed from the PCB industry is acrylic-based
and has only limited chemical resistance. In microfluidics, such resists are not used
for their intended purpose and have a very limited efficiency. This is especially the
case when the resists are applied as a permanent material and remain a functional
part of the final device. Often, acrylic based dry film resists cannot survive in com-
mon microfluidic environments. Heuschkel et al. reported on the lower chemical
resistance and inferior adhesion of Riston dry film compared to SU-8 [137] and Ito
et al. observed swelling of ME 1050 after a few hours in pure water [138].

In the last years there was an increased interest to overcome these limitations.

Ffluidicinlet

Microchannel Edge bead

Substrate |
B

Incompatibility with trenches Trapped air

Figure 5-4: Main differences between dry film and thick liquid resists.

49



5 DESIGN OPTIMISATION FOR MINIMUM COSTS

This led to the development of epoxy based dry film resists with properties
adapted to the requirements of microfluidics and MEMS. Epoxy based resists are
designed for permanent applications and have a higher resolution and aspect ratio
compared to acrylic-based resists. Besides, it is practically impossible to strip them
once they are cross-linked. Kieninger et al. first demonstrated self-made epoxy
based laminates based on SU-8 [139]. Lately, photoresist laminates have become
commercially available. As of today, these are Ordyl SY, an acrylic-epoxy-based dry
film resist by Elga Europe, and the epoxy based TMMF by TOK, PerMX by DuPont
and SUEX by D] DevCorp. Other epoxy-based dry film resists are in develop-
ment [140]. Table 5-3 gives an overview of publications where dry film resists
have been used for the fabrication of microsystems and microfluidic devices.

Among the advantages of dry films over thick liquid photoresists is the ability of:

= Realising 3D multilayer structures by repeated lamination and exposure

* Lamination onto substrates with different shapes and sizes

» Tenting over trenches and holes that already exist in the substrate

* Direct sealing of microfluidic channels

= Selective sealing by patterning of the cover lid

» Uniform and reproducible thickness over large areas

» Use as a lithographically patterned adhesive for wafer bonding

* Time saving due to fewer processing steps and simultaneous lamination onto

Table 5-3: Dry film resists in microfluidics and MEMS. In permanent applications, the dry film re-
sist remains in the final device or is used as a replication master. In a non-permanent application,
the dry film is used as a sacrificial material, e.g. as a masking layer for etching or sand blasting, and
is removed after having served its purpose.

DFR series Application References DFR series Application References
Self-made Permanent 514359’141- Permanent [146-155]
(SU-8 based) : PerMX

Non-permanent n/a Non-permanent [156]

Permanent [1163:95’157_ Permanent [117328’170_
Ordyl SY ] ME1000 ]

Non-permanent n/a Non-permanent n/a

Permanent 517357’173- Permanent [176-178]
Riston ] SUEX

Non-permanent [179,180] Non-permanent n/a

Permanent n/a Permanent [181,182]
MX5000 Vacrel

Non-permanent [183,184] Non-permanent n/a

Permanent [185-200] Permanent glotﬁ‘zm_
TMMF Other [202,206,210-

Non-permanent [209] Non-permanent 222]
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several substrates
The most commonly reported drawbacks related to dry film resists are:

= Less total thickness

* Limitation of the thickness to multiples of the film thickness
= Smaller aspect ratio

= Lower resolution

Latest results have shown that these limitations have already been successfully
addressed by some dry film resist manufacturers. Recently, Wangler et al. have
reported on a 360 pm thick dry film resist providing an aspect ratio of 14 [140]
and Johnson et al. have achieved aspect ratios of 15 with a 250 pm thick SUEX dry
film resist [176].

5.2.2 Hybrid silicon/polymer printheads

In the scope of the thesis, the term hybrid is used as suggested by Gartner et al. to
indicate that a given performance parameter (e.g. costs) is provided by a material
(e.g. polymer) that is basically different from the main material (e.g. silicon). Gart-
ner et al. predicted that hybrid microfluidic devices will gain in importance and
that new fabrication techniques are required in order to expand the number of
possible combinations between materials and processes [223].

The concept of the hybrid silicon/polymer printhead is based on a silicon layer
with microfluidic structures which is sandwiched between two polymer layers re-
placing the glass in the current design. Originally, the hybrid printhead design has
evolved from the observation that a very significant part of the manufacturing
costs is related to back-end processing and especially to glass, i.e. buying ready-to-
bond semi-finished glass substrates with fluidic holes, dicing of thick glass sub-
strates etc. Since the properties of glass and the strength of the anodic bond are
not necessarily required for the proper printhead operation, it was assumed that
the hybrid approach will provide functionality comparable to that of the sili-
con/glass printheads but at significantly lower costs.

In order to choose appropriate substitute materials, it was important to first con-
sider the functions of the glass components that are to be replaced. Regarding the
top glass layer, its main function is to provide the macro-to-micro fluidic interface.
In operation, this layer is subjected to a constant mechanical load by the O-ring
that seals the actuation chamber (Figure 1-7). Therefore, the mechanical stiffness
of the polymer replacing the glass on the top side must be as high as possible to
minimise the risk of damage and inacceptable deformation. Other requirements
are high chemical and thermal resistance and low water absorption, as the print-
heads are frequently cleaned with chemical cleaning agents at higher temperatures
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5 DESIGN OPTIMISATION FOR MINIMUM COSTS

and, due to the nature of their application, are frequently exposed to a water envi-
ronment. Among the polymers commonly used in microfluidics, these require-
ments are very good met by COC grade 5013. This material has a very high Young's
modulus, i.e. mechanical stiffness, of 3.2 GPa and meets the biocompatibility re-
quirements of USP Class VI and ISO 10993. Besides, it withstands all common steri-
lisation methods and has a high glass transition temperature of 134 °C [224].
Therefore, COC grade 5013 was chosen as a substitute for the top glass layer.

The main function of the glass layer on the bottom side of the printhead is to seal
the microchannels and, due to its hydrophilic nature, to support the capillary
transport of the samples from the reservoirs to the nozzles. Additionally, the
transparency of the lid provides an optical access into the microchannels. In pre-
liminary tests, sealing the channels by gluing a polymer lid to the silicon layer
turned out to be inappropriate due to the high risk of channel clogging, alignment
failures and leakage. These preliminary tests have revealed that accurate and re-
producible sealing of microchannels with such a high density can be provided only
by a direct bonding method, i.e. without using an intermediate glue layer. However,
since in most cases bonding of heterogeneous materials such as silicon and poly-
mers involves some kind of glue, the number of possible candidates to replace the
glass lid was restricted to two: PDMS and dry film resists.
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Figure 5-5: (a) Schematic cross-sectional view of the hybrid printhead design: the top glass layer is
replaced by COC and the bottom glass layer by PDMS or TMMF. (b) and (c) All fluidic and outer
dimensions are kept unchanged in order to make use of the available lithography masks and micro-
arrayer hardware.
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PDMS was selected due to its ability to bond to silicon and silicon oxide after being
treated with oxygen plasma [130]. Dry film photoresists were chosen because they
can easily be applied for selective or entire sealing of silicon microfluidic channels
without an additional adhesive layer. Among the variety of dry film resists, TMMF
was used as a first choice while PerMX and Ordyl were considered as a backup.
Figure 5-5 shows a cross-sectional and a top view of a hybrid printhead. The outer
printhead dimensions and the dimensions of all silicon structures were kept the
same as in the silicon/glass design in order to use the available microarrayer
hardware and lithography masks.

5.2.3 All-polymer printheads

According to the all-polymer printhead concept, all printhead components consist
of polymer materials and therefore polymers are considered not “only” as an inter-
face but as a key factor that determines the printhead performance. The main re-
quirements on the polymer fabrication technology are to:

* Enable homogeneous production of small through holes (nozzle uniformity)
* Provide high stiffness of the nozzle material

= Allow for multilayer structures

= Assure the suitability for small production quantities

In a preliminary material selection, five technologies together with the corre-
sponding materials were considered as possible candidates to realise an
all-polymer printhead: (i) injection moulding, (ii) hot embossing, (iii) SU-8, (iv) dry
film resists and (v) PDMS. The suitability of these candidates with respect to the
above requirements is summarised in Table 5-4, a detailed discussion is given be-
low:

According to the state of the art in the polymer industry, some of the above re-
quirements pose a serious challenge for the moulding of thermoplastics [225]. In-
jection moulding is not suitable for small production quantities due to the high cost
of the mould insert which, for complex devices such as a multichannel printhead,
are typically in the range of €100 000 [226]. This makes injection moulding eco-
nomically feasible for large production quantities but inappropriate for small lot
sizes.

For small lot sizes, hot embossing is an established alternative to injection mould-
ing. Hot embossing is well suited for manufacturing microcavities but, since the
first description of the process, it has serious limitations when through holes are
required [227]. The problem is caused by the characteristic residual layer between
the mould and the counter plate. In order to open up the holes, this layer needs to
be removed after the moulding process. This involves a demanding finishing that
cannot be performed in a precise and reproducible manner as required for a Top-
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Table 5-4: Comparison of different processes and materials. (-) indicates that the material fails to
meet the minimum level of the corresponding requirement. (0) and (+) indicate a good and, respec-
tively, very good agreement with the requirement.

Requirement Injection — Hot  pnye o8 DFR
moulding embossing

Production of through holes o - + + +

High stiffness + + - o o

Multilayer structures + + + - +

Small production quantities - + + + +

Spot printhead. Currently, hot embossing of microstructured through holes with-
out finishing is under development by several research groups. Mehne et al. have
adapted the hardness of the mould insert and the counter plate, which allows for
complete displacement of the polymer melt between the mould pins and the plate
[228]. When the hardness of the mould insert is higher than the hardness of the
plate, the pins can penetrate few tens of micrometres into the counter plate with-
out being damaged. The used polymers in this study were PMMA and COC and the
manufacturing tolerance was * 6 pm for a hole diameter of 110 um. Rapp et al
suggested another solution, the so-called hot punching - an adaptation from the
macroscopic punching process - and demonstrated the suitability of this technique
for the manufacturing of through holes with a diameter of 1 mm on large PMMA
substrates [227]. Even though the obtained results are promising, they also show
that further research is necessary before hot embossing can provide nozzles at a
quality level comparable to that of silicon micromachining. The main concerns re-
lated to hot embossing are caused by the lack of accuracy, the presence of burrs
and insufficient edge quality. Besides, the accuracy of polymer components manu-
factured by thermal replication has a physical limit given by the thermal shrinkage
of the material as a function of the overall size of the component. Due to the rea-
sons presented above, polymer replication was not further considered as an option
for the production of all-polymer printheads.

In a preliminary material selection, PDMS and SU-8 were identified as candidates
to replace silicon and glass because they meet basic microfluidic requirements to a
large extent. On closer examination, however, several drawbacks were revealed.
The limiting factor for PDMS is its low Young’s modulus, i.e. low stiffness. Even
though the Young's modulus of PDMS can be slightly increased by higher cross
linker concentrations and longer baking times, it remains below 4 MPa, which is
not compatible with the demand for rigid nozzles [229]. In contrast to PDMS,
cross-linked SU-8 has a very high stiffness and its Young’s modulus is about three
orders of magnitude higher (approx. 4 GPa). Concerning this requirement, SU-8 is
even superior to thermoplastic materials such as COC, PMMA and PC. On the other
side, SU-8 is liquid before cross-linking, which makes the processing of SU-8 onto
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substrates with fluidic access holes (reservoirs) challenging. Therefore, using SU-8
implies that the fluidic layer and the reservoirs are produced separately and at-
tached to each other when SU-8 is cross-linked. This poses a technological chal-
lenge due to the lack of established methods for releasing the cross-linked SU-8
from the substrate on which it is processed and for sealing of SU-8 microchannels
[230]. In this regard, dry film resists are advantageous over SU-8 because they
have comparable stiffness but they are not liquid and therefore can easily be ap-
plied on structured substrates.

Among the available dry film resists, TMMF was chosen as TMMF has already been
successfully incorporated as a nozzle material into inkjet printheads and has oper-
ated successfully for ejecting 2.5pl droplets at frequencies higher than
60 kHz [200]. PerMX and Ordyl SY were considered as backup options. For the res-
ervoir layer, COC, PMMA and PC were all considered equally because no sufficient
data exists in the literature concerning the compatibility of polymer substrates
with TMMF, PerMX or Ordyl SY.

A schematic cross-sectional and top view of the all-polymer printhead design is
shown in Figure 5-6. The outer dimensions are kept the same as for the sili-
con/glass printhead in order to use the already available microarrayer hardware.
Due to process related limitations, the dimensions of some fluidic features were
changed. The height of the fluidic channels was increased from 80 to 110 pm be-
cause the achievable thickness of a dry film multilayer can be only a multiple of the
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Figure 5-6: Polymer printhead. (a) Schematic cross-sectional view. (b) Fluidic dimensions.
(c) Outer dimensions.
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thickness of a single layer (55 um). For the same reason, the nozzle length was re-
duced from 80 to 55 pm. The diameter of the nozzle inlets was reduced from 300
to 250 um in order to reduce the risk of adhesion failures by increasing the contact
area between the substrate and the dry film resist. The nozzle inlets were incorpo-
rated into the bulk layer and their length was increased from originally 300 to
1110 um. This modification was necessary to provide a rigid support during lami-
nation of the dry film resist.

5.2.4 Summary of the concepts

Two concepts, a hybrid silicon/polymer and an all-polymer concept, were identi-
fied as promising candidates to reduce the manufacturing costs and provide higher
flexibility beyond what is achievable by scaling and without significant impact on
the printing performance. An overview of the material and geometrical parameters
of these concepts is presented in Table 5-5. In the hybrid printhead, silicon re-
mains the major functional material and the glass layers are replaced by a rigid
COC interface on the top side and a lid of either dry film resist or PDMS on the bot-
tom side. The COC interface can be glued to the silicon, whereas the lid must be
applied without a glue layer to avoid failures due to clogging or leakage. In the
all-polymer concept, the top glass layer is replaced by a thermoplastic interface,
and the silicon and bottom glass layers are both replaced by a multi-layered dry
film resist. Due to its tenting properties, the dry film can be applied and processed

Table 5-5: Materials and dimensions of the different printheads. The thermoplastic materials used
in the experimental sections are PMMA Plexiglas Gallery UV 100 AR (Evonik Industries), COC grade
5013 (TOPAS advanced polymers), PC grade Makrolon 2805 (Bayer MaterialScience). The used dry
film resists are TMMF grade S2055 (55 pum thick, TOK), PerMX grade 3050 (50 pm thick, DuPont)
and Ordyl grade SY355 (55 um thick, Elga Europe). PDMS Sylgard 184 is from Dow Corning.

Materials Unit Silicon/glass  Hybrid All-polymer
Reservoir layer n/a Glass coc PMMA, COC, PC
Bonding type Top n/a Anodic Adhesive Direct
Microfluidic layer n/a Silicon Silicon DFR
Bonding type Bottom n/a Anodic Direct Direct
Sealing layer n/a Glass DFR, PDMS DFR
Dimensions

Outer dimensions mm 36 x 19 36 x 19 36 x 19
Channel height pum 80 80 110
Channel width um 80 80 80
Nozzle diameter um 50 50 50
Nozzle length pum 80 80 55
Nozzle inlet diameter um 300 300 250
Nozzle inlet length pum 300 300 1110
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directly onto the interface.
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6 DRY FILM RESISTS

The focus of this chapter is on the dry film resists, which were chosen to be a func-
tional component in the hybrid and the all-polymer printheads: TMMF, PerMX and
Ordyl SY. The chapter is organised into two sections. Section 6.1 reflects technolog-
ical issues such as compatibility with polymer substrates and processing. In Sec-
tion 6.2, relevant properties of TMMF, PerMX and Ordyl SY are discussed, in par-
ticular, their wetting behaviour, the possibilities for surface modification by a
treatment with oxygen plasma, the optical properties and biocompatibility. The
theoretical background of this chapter is based on studies by Karl H. Dietz [231].
Even though his research is focused on dry film resists for printed circuit boards,
the reference is recommended for further reading on this topic.

6.1 Processing

The main steps in dry film resist processing are lamination, exposure, post expo-
sure bake (PEB) and development (Figure 6-1). Lamination is used to apply the dry
film resist onto a substrate. Four substrate materials were considered: silicon for
the hybrid printheads and COC, PMMA and PC for the all-polymer printheads. Ex-
posure to UV light through a lithography mask is used to initiate a crosslinking re-
action and transfer the mask pattern to the resist. PEB is used to crosslink the re-
sist at the exposed areas. In the development step, the unexposed areas are dis-
solved and removed in a developer leaving a cross-linked resist structure which is
a negative image of the mask pattern.

1stlayer

2 Cm
S

2ndlayer

%.-l:i';r;ll:t.r.lu.u

Lamination Exposure Post exposure bake Development

Figure 6-1: The main steps of dry film resist technology.
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6 DRY FILM RESISTS

6.1.1 Dry film resists on polymer substrates

A critical issue for the application of dry film resists onto polymer substrates is the
chemical resistance of the substrates to the developer chemistry. Ordyl SY is de-
veloped in a mixture of organic solvents which is provided by Elga Europe under
the trade name BMR. The ingredients of BMR are xylene, 2-Butoxyethylacetate and
ethylbenzene [232]. In the literature there is no data on the compatibility of poly-
mers with BMR. TMMF and PerMX, are developed in propylene glycol monomethyl
ether acetate (PGMEA), an organic solvent which is also used as a SU-8 developer.

Several studies have used SU-8 on polymer substrates: Lam et al. used the material
combination SU-8/PMMA for the fabrication of a microfluidic mixer [233] and Bu-
bendorfer et al. demonstrated casting of PDMS microchannels from a SU-8/PMMA
mould [234]. In another study, Song et al. experimentally verified that PMMA is
compatible with SU-8 processing [235]. However, PMMA is not a specific material
but rather a general term for a group of materials that partly have different prop-
erties. The same applies for PC and COC. Therefore, the degradation of PMMA, PC
and COC was studied by immersion of test samples in the developer solutions. The
duration of the immersion was 20 minutes which corresponds to the duration of
three development cycles, 6-7 minutes each. After immersion, the test samples
were rinsed with isopropyl alcohol (IPA) and distilled water, blown dry with nitro-
gen and inspected for signs of chemical degradation such as softening and crack-
ing. PC showed poor resistance to both PGMEA and BMR: its surface was attacked
very shortly after immersion into these developers. COC showed good resistance to
PGMEA but it was attacked by BMR. PMMA proved to be the only material with
good resistance to both developers being able to survive the time equivalent of
three development cycles without obvious chemical degradation. A further quanti-
fication of the chemical resistance of the polymer substrates, e.g. by the degree of
swelling or mass loss, was not a part of the study.

The next step of the compatibility study was to examine the adhesion of the resists.
Polymers with poor resistance against one of the developers were not considered
for adhesion testing with the corresponding resist, i.e. the material combinations
were limited to five: PMMA with TMMF, PerMX and Ordyl SY, and COC with TMMF
and PerMX. Adhesion test series were performed by lamination, exposure and de-
velopment of the dry films onto the polymer substrates. Values for the process pa-
rameters were taken from the data sheets. The resists were patterned by using a
lithography mask with test structures. For each substrate/resist combination, it
was tested whether ultrasonic agitation during development causes delamination
of the resist and whether the adhesion can be improved by treating the substrates
with oxygen plasma prior to lamination. Oxygen plasma treatment is a general and
well-known method for improving the adhesion by removing organic contami-
nants and chemical modification of the treated surface. In case of poor adhesion,
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Table 6-1: Results of experimental adhesion testing of TMMF, PerMX and Ordyl on polymer sub-
strates. The influence of the development modes (with and without ultrasonic agitation) and the
surface treatment (with and without plasma treatment) was investigated. “Y” or “N” means that
ultrasonic agitation and plasma treatment were or were not applied. (-) means poor adhesion, i.e.
large resist areas easily peel off. (©) indicates that large structures adhere on the substrate but
small structures occasionally peel off. (+) means good adhesion, i.e. even thin lines and posts re-
main on the substrate after development.

Process conditions Unit TMMF PerMX Ordyl

Roll temperature °C 80 85 100

Roll pressure kPa approx. 200 approx. 200 approx. 200
Lamination speed m/min 1 1 0.5
Exposure m]/cm? 270 1125 160

PEB min @ °C 50 @ 150 5@ 95 5@ 85
Ultrasonic n/a Y N Y N|Y N Y N|]Y N Y N
0; plasma n/a N N Y YN N Y Y| N N Y Y
Adhesion on PMMA n/a O 4+ O 4+ |0 4+ O + |0 + O O
Adhesion on COC n/a - - - - - - - - |n/a n/a n/a n/a

the tests were repeated by using increased lamination pressure and temperatures
of up to about 15 °C below the glass transition temperature of the substrate. The
experimental analysis showed that the adhesion of TMMF and PerMX was poor on
COC and could not be improved by higher lamination temperatures or plasma
treatment. In contrast, all dry film resists had a good adhesion on PMMA with the
exception of tiny structures which appeared prone to delamination when the de-
velopment was supported by an ultrasonic agitation. Oxygen plasma treatment had
no noticeable effect on the adhesion properties. The results of the investigation are
summarised in Table 6-1.

6.1.2 Lamination

Principle

The main task of the lamination process is to provide intimate contact between the
resist and the substrate. Dry film resists are non-Newtonian fluids of very high vis-
cosity, and intimate contact is achieved by lowering the viscosity through heat and
by applying pressure to cause flow and make them conform to the substrate. Resist
flow is described by the shear rate: heat reduces the viscosity which increases the
shear rate at a constant shear force and, respectively, the amount of flow increases
per unit time. Usually, heat and pressure are applied by the lamination rolls of a
hot roll laminator. In scientific literature, the most common parameters to describe
the process are roll pressure, roll temperature and lamination speed. It is im-
portant that these parameters are considered in connection with the whole system
because neither the force on the resist nor the temperature at the resist/substrate
interface or the contact time of the resist with the roll is measured directly. The
contact time is a function of the lamination speed and the width of the
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6 DRY FILM RESISTS

roll/substrate contact zone, also called footprint. The footprint itself is influenced
by the total force, the roll diameter and the hardness and thickness of the roll cov-
er material. The pressure gauge measures the pressure applied to the pneumatic
cylinders at some point but the actual pressure applied to the resist depends on
the wafer size and the footprint. The temperature at the resist/substrate interface
also depends on several factors. These are the roll temperature, the contact time
and the heat transfer coefficients of the materials between the roll and the inter-
face. Thus, the lamination parameters, i.e. pressure, temperature and speed, have
to be adapted separately for each application taking into account the wafer size,
type and thickness of the resist, laminator type and substrate topography.

As a basic rule, substrates without cavities are laminated at the highest possible
roll temperature and pressure, as long as there is no wrinkling and thermal
polymerisation of the resist, and the roll bending remains within an acceptable
range. Particularly, roll bending becomes an issue for thick substrates and when
lamination is performed at high pressures. As depicted in Figure 6-2, roll bending
results in an irregular pressure distribution and might lead to inhomogeneous re-
sist thickness over the substrate. When dry film resists are used to cover cavities,
e.g. microfluidic channels for the purpose of sealing, lamination parameters be-
come more critical due to the challenge to tent over the channels. In this case, the
process is a balancing act. On the one hand, high lamination temperatures and
pressures are needed for good confirmation and adhesion. On the other hand, high
temperatures and pressures may cause the resist to flow into the channel and de-
stroy its cross-section or even completely block it (Figure 6-3). If the lamination
temperature is too high, the resist keeps flowing even after lamination has been
completed. Another typical failure mechanism is thinning of the lid at the channel
rim. Special attention has to be paid to thinning when working with thin resists
and soft rolls. An extreme example demonstrating thinning failure at the rim of a
microfluidic channel is shown in Figure 6-3(d). The thickness of the resist is im-
portant for the sealing of microchannels because the lid strength is proportional to
the square of the resist thickness. For example, the comparison of different TMMF
grades, S2055 with a thickness of 55 um and S2030 with a thickness 30 pm, shows

High pressure

w

Low pressure

Figure 6-2: Inhomogeneous distribution of the lamination pressure due to roll bending (adapted
from [231]).
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Accurate sealing Sagging Strong sagging Thinning

(2) e | = | — @ e

Figure 6-3: Cross-section of microchannels sealed with dry film resist showing the influence of the
lamination parameters on the tenting properties of the resist. (a) Lamination performed at appro-
priate parameters. (b) and (c) Failure caused by too high lamination temperature and pressure
(d) Thinning at the channel rim and resist flowing. TMMF with a thickness of 55 pm was used for
(a-c). PerMX with a thickness of 14 pm was used for (d). Scale bars are 50 pm.

that a lid produced with the thicker resist is more than three times stronger. The
strength of the lid is also influenced by the channel geometry and is inversely pro-
portional to the square of the channel width [231]. Thus, for sealing of microfluidic
channels, it is preferable to seal narrow channels and use the highest available re-
sist thickness. This helps to avoid thinning failures during lamination and damage
of the lid in operation.

Experimental implementation

A hot roll laminator by DuPont with manual substrate loading and resist trimming
after lamination was used in the experiments. The parameters that could be set
were the roll temperature and speed. The lamination pressure was adjusted indi-
rectly by the roll distance. The substrates were placed on a sheet of cleanroom pa-
per and a piece of resist slightly larger than the wafer was cut and fixed to the
cleanroom sheet with a tesa tape. The protective layer that faced the wafer was
peeled off and the resist was laminated onto the substrate. During lamination, the
film was kept tensioned to avoid wrinkling (Figure 6-4).

| (b) h . i Dry film resist is kept
~__ undertension manually I

Silicon wafer / S
with microchannels

Figure 6-4: The used laminator (a) and a detail of the lamination process (b).
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Table 6-2: Lamination parameters for sealing of TopSpot microchannels. When tenting was not
required, e.g. for the fluidic layer of the all-polymer printheads, the lamination temperature and
pressure were increased to 90 °C and approx. 0.2 MPa, respectively.

Parameter  Unit TMMF PerMX Ordyl

Temperature °C 60 85 55
Speed m/min 1 1 1
Pressure MPa 0.1 0.1 0.1

The goal of the experimental work was to find a parameter set suitable to cover
80 um wide cavities, which corresponds to the microchannel width of a TopSpot
printhead. For the purpose of high adhesion, it was necessary to identify a combi-
nation of lamination temperature and pressure close to but below the values that
would cause tenting failures or clogging. All experiments were performed on sili-
con wafers with a thickness of 380 um. It was assumed that the substrate material
and thickness have no influence on the tenting performance of the resist. In fact,
besides the upper lamination roll that directly heats the resist, the lower lamina-
tion roll also heats the wafer and the temperature at the resist/wafer interface de-
pends on the heat conductivity and thickness of the wafer. Assuming a footprint of
5 mm and lamination speed of 1 m/min, the contact time between the rolls and the
substrate is 0.3 s, which is too short to allow a noticeable temperature increase at
the resist/wafer interface by the lower roll. Thus, the impact of the substrate mate-
rial on the tenting properties was neglected. The used wafers had microchannels
and through holes at the end of each channel which were necessary to allow for
venting of the channels during post exposure bake.

The lamination speed and pressure (defined by the gap between the rolls) were
kept constant and the temperature was varied, starting with 40 °C and working
upwards in 5 °C steps. The lamination speed for all experiments was 1 m/min. The
roll gap was set after the rolls had reached their final temperature to compensate
for thermal expansion. The gap was set in such a way that the wafer could be
moved in between by slightly pushing it forward. By using Pressurex, a pressure
sensitive film showing a characteristic colour corresponding to a certain pressure
range, it was determined that the lamination pressure was approx. 0.1 MPa. The
quality of the lamination was determined by a microscopic analysis of the channel
cross-section. Suitable lamination parameters are listed in Table 6-2. When the
purpose of the resist was to form a fluidic layer and not to a sealing lid, the lamina-
tion temperature and pressure for all resist types were increased to 90 °C and ap-
prox. 0.2 MPa, respectively.
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6.1.3 Exposure

Exposure was performed on a MA6 aligner by SUSS equipped with a mercury lamp
filtered at 360-370 nm (i-line). TMMF, PerMX and Ordyl SY are all negative work-
ing resists, i.e. the transfer of the mask into a polymerised resist pattern was ob-
tained by exposure to UV light through the transparent areas of the mask. The UV
energy is used by the photoresist to initiate the photopolymerisation. The
polymerisation reaction was completed by a post exposure bake on a levelled hot-
plate. Since the light source had a constant power density of 5 W/cm?, the expo-
sure energy was varied via the exposure time and calculated by the relationship:
W /cm? x seconds = mJ/cm?. Being a crucial factor for the polymerisation reac-
tion, the exposure energy is thereby important for the tenting and sealing perfor-
mance of the resist. Generally, higher exposure energies increase the resist
strength due to a higher level of polymerisation but, on the other hand, they also
increase its brittleness which can cause cracks and sealing failures.

For the exposure process, it is essential that the light is collimated and not scat-
tered. However, these requirements cannot be met perfectly and some amount of
the UV light reaches resist areas that are not intended to be exposed. Main factors
contributing to this effect are the distance between the mask and the resist (expo-
sure gap), light scattered by the protective coversheet and light reflected from the
substrate and the chuck (Figure 6-5). For the hybrid printheads, where the resist is
used as a sealing lid, the loss of resolution caused by the above factors was negligi-
ble. The same applies for the fluidic layer of the all-polymer printheads where the
resist forms the channels that connect the reservoirs with the dispensing nozzles.
For these two applications, exposure was performed without special care of scat-

j; UV \\
! A}
£ 3\
TRTLTE) Coversheet

;4-\ LA ‘\ Dry film resist

: Ideal

UV energy

I Actual

N N

Resist x-axis

Figure 6-5: Deviation from the ideal UV energy distribution. Major contributors to this deviation
are the exposure gap, the protective coversheet and the UV light reflected form the substrate and
the chuck.
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Resistflowat T > 40 °C

Figure 6-6: Deformation of the channel cross-section caused by flowing of the resist into the chan-
nels during soft baking at temperatures above 40 °C. The non-uniformity of flow can be explained
by an inhomogeneous temperature distribution inside the resist, e.g. due to an unevenness of the
hotplate or warping of the substrate.

tering effects and pushing the resist towards the resolution limit. In contrast, when
the resist is applied to form nozzles, the resolution and smoothness of the nozzle
edge become critical. Traditionally, unintended exposure of resist areas is mini-
mised by exposure in a contact mode and eliminating sources of scatter along the
light path. On the other hand, the standard mode for exposing dry film resists is
with the protective coversheet on top. The coversheet has a twofold adverse effect
on the resolution: it prevents direct contact between the resist and the mask and
acts is a source of scattered light.

The major problem when the coversheet is removed in order to perform exposure
in a contact mode is that the resist will stick to the mask. To avoid sticking, the
TMMF manufacturer recommends a soft bake at 60 °C. This, however, appeared to
be inappropriate when TMMF is used to seal channels because at temperatures
above 40 °C TMMF becomes less viscous, which leads to channel clogging by a vis-
cous flow (creeping) of the resist into the channels (Figure 6-6). Therefore, instead
through a soft bake, the problem of resist sticking to the mask was avoided by re-

‘o %
L P

-
v
-

. .

Figure 6-7: Contact exposure with coversheet (a) and without coversheet (b). The pockmarks in
the left image are caused by particles which are partially embedded in the coversheet to facilitate
air escape during vacuum lamination. When exposure is performed without the coversheet, the
pockmarks disappear and nozzle edge becomes smoother.
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moving the coversheet 24 h prior to exposure to allow for evaporation of the re-
maining solvent. In this way, the resist loses its sticking surface and contact expo-
sure becomes possible. Figure 6-7 illustrates the improvement achieved by remov-
ing the coversheet. The hold time between removing the cover sheet and exposure
can be extended to five days without decrease in the adhesion quality or resolu-
tion. The exposure energies found to be suitable for the application were
150 mJ/cm? for TMMF, 900 m]/cm? for PerMX and 125 mJ/cm? for Ordyl. llumina-
tion was performed with discrete energy doses of 25 mJ/cm?2 with an interval of
10 s between the illuminations.

6.1.4 Post exposure bake and development

Post exposure bake was performed on a levelled hot plate to complete the
cross-linking reaction of the dry films. The increasing and decreasing temperature
rates were kept low in order to reduce the stress by the CTE mismatch between
the dry films and the substrate material. In the development step, the unexposed
resist areas were removed by the developer leaving the negative mask pattern on
the substrate. Megasonic supported development was used to reduce the risk of
delamination of structures with small contact area to the substrate. The megasonic
agitation carries away recently dissolved resist and brings fresh developer solution
into the narrow structures. After the development step, the substrates were rinsed
with IPA and distilled water to remove the developer solution. A final drying step
with a nitrogen purge or in an oven was used to remove residual moisture. An
overview of the used parameters is shown in Table 6-3.

Table 6-3: Process parameters for post exposure bake and development. Development was carried
out by immersion in the developer solution and can be supported by megasonic actuation.

Process Substrate TMMF PerMX Ordyl
Silicon 45" @ 150°C _, o , o
PEB PMMA 45' @ 90 °C 5 @95°C 2'@80°C
Development > Jcon 7' in PGMEA 7' in BMR
P PMMA Optional: megasonic Optional: megasonic

6.2 Properties

6.2.1 Wetting behaviour

A crucial factor for the proper performance of the printheads is the capillary
transport of reagents from the reservoirs to the dispensing nozzles. The ability for
capillary transport depends on the wettability of the channels and, more particu-
larly, on the advancing contact angles of the reagents on the channel walls. Gener-
ally, the smaller the contact angles, the greater the ability for capillary transport.
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The materials intended to be used as a channel material were analysed in terms of
their wetting behaviour, suitability for hydrophilisation by oxygen plasma treat-
ment and degradation of their hydrophilic properties over time. The challenge of
hydrophilic degradation was addressed by storing the samples in tightly sealed
boxes under nitrogen atmosphere. The influence of this storage condition was
studied by comparing the contact angles with samples that were treated the same
way but stored at ambient conditions.

The size of the samples was approx. 25 mm x 50 mm. PDMS slabs were prepared
by mixing the PDMS prepolymer with a curing agent (Sylgard 184, Dow Corning) at
a weight ratio of 10:1, casting the mixture on a petri dish, degasing under vacuum
and curing for 1 h at 65 °C [130]. The TMMF, PerMX and Ordyl samples were pre-
pared using the parameters presented in Section 6.1. The glass samples were diced
from an anodically bondable borosilicate wafer (Pyrex 7740, Corning). The silicon
samples were prepared by etching the surface of a silicon wafer with the same
DRIE recipe as for etching the printhead channels and growing a 100 nm thermal
oxide on it. This allows for representativeness of the measurements by providing
conditions as close as possible to the conditions in the microchannel of a sili-
con/glass printhead. The PMMA samples were laser cut from a larger PMMA sheet.
The initial wetting was determined by measuring the advancing contact angles on
untreated samples. A microcontroller driven microsyringe was used to deposit a
water droplet onto the sample surface and add additional water to the droplet so
its volume gradually increased (Figure 6-8). As the droplet grew, an image was
taken and the contact angle was directly measured by the image analysis software
(OCA 15+, DataPhysics Instruments). After determining the initial conditions, the
samples were exposed to RF oxygen plasma at 100 W for 6 min (Zepto, Diener
electronic). The advancing contact angles were measured immediately after the
plasma treatment and 1, 2, 4, 9, 14 and 22 days afterwards. During the measure-

Figure 6-8: Measurement of an advancing contact angle by adding additional water to a sessile
droplet.
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Figure 6-9: Advancing contact angles of water on different materials: initial situation (continuous
line), immediately after oxygen plasma treatment (broken line). Each data point is the mean value
of 10 measurements.

ment, the samples were exposed to ambient conditions for approx. 10 minutes.

The initial wetting of all polymers was inferior compared to the wetting of Pyrex.
Ordyl SY had an initial advancing contact angle of 64.8° + 1.3°, TMMF and PerMX
were both in the range of 80°, and PDMS was clearly hydrophobic with a contact
angle of well above 90°. Immediately after the plasma treatment, TMMEF,
Ordyl SY and PDMS showed wetting behaviour similar to Pyrex, i.e. contact angles
in the range of 20°, but a significant part of the plasma-induced wettability got lost
within a few days after the treatment. While the degradation of the hydrophilic
properties of Pyrex was slow, the wetting characteristics of the polymer materials
showed faster degradation over time. Surprisingly, the hydrophilic degradation
was largely independent on the storage conditions. The loss of wettability over
time is depicted in Figure 6-9 depicts.

6.2.2 Optical properties

The transparency of the lid is a useful property during printhead maintenance and
inspection of the microchannels. Besides, clarity is generally preferable over opaci-
ty for the lid of a microfluidic device. The transmittance of TMMF, Ordyl SY and
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PerMX was measured for the wavelength range of 300 nm to 900 nm and com-
pared to the transmittance of Pyrex 7740, an anodically bondable borosilicate
glass with a high optical clarity (Figure 6-10). In the visible range, the dry film re-
sists behaved similar to Pyrex with TMMF having a slightly higher transmittance
than PerMX and Ordyl SY. Below 400 nm, the transmittance of all resist materials
decreased while the transmittance of Pyrex remained higher than 90 % for the
entire wavelength range.

100

Transmission [%]

300 400 500 600 700 800 900
Wavelength [nm]

Figure 6-10: Optical transmittance spectra of TMMF (thickness of 55 um), PerMX (50 pm),
Ordyl SY (55 um) and Pyrex 7740 (150 pum).

6.2.3 Biocompatibility

According to a widely used definition by the European Society for Biomaterials,
biocompatibility describes the ability of a material to perform with an appropriate
host response in a specific application. This definition implies that a technical de-
vice is placed within the body and is suitable for TopSpot printheads only to a lim-
ited extend. In microfluidics, the term biocompatibility is rather used to describe
the compatibility between a given material and bioanalytical assays. Depending on
the microfluidic application, the biocompatibility of a material can be verified by
different methods, e.g. the degree of cytotoxicity, protein and DNA denaturation
etc. A series of standards for evaluating the biocompatibility of a device is given by
ISO 10993. One of those standards is dedicated to in vitro cytotoxicity: a test which
is usually performed in the very early stages of a biocompatibility study [236].

The cytotoxicity of TMMF was analysed according to ISO 10993 as a first indication
for its compatibility with microfluidic applications. TMMF samples were covered
with DMEM cell culture medium and incubated at 37 °C for 24 h. The cell culture
medium was then placed onto a monolayer of L929 cells replacing the medium
that had nourished the cells up to that point. The cells were incubated for 24 h at

70



6.2 Properties

37 °C and the amount of lactate dehydrogenase (LDH, an indicator for cell viability)
was compared to the LDH amount in the control media. Organotin polyvinyl chlo-
ride, a known cytotoxic material, and Thermanox Coverslips were used as positive
and negative control media, respectively. The analysis did not show any cytotoxic
reaction. This, however, does not mean that TMMF would pass all ISO 10993
standards or that it is compatible with any bioanalytical assay. Besides, it has to be
considered that differences in the processing of a material can change the outcome
of biocompatibility tests [236]. For the purpose of the above experiment, TMMF
was processed on a silicon wafer as described in Section 6.1. The cytotoxicity of the
other lid candidates, Ordyl and PDMS, was demonstrated in earlier studies by Vul-
to et al. [135] and Leclerc et al. [237], respectively. The cytotoxicity of PerMX was
not analysed, because it was not available when the biocompatibility experiments
started. Two other materials intended for use in the hybrid printheads - 3M 9965,
a polyester tape coated with an acrylate adhesive on both sides, and COC - were
also tested for cytotoxicity and both did not show any cytotoxic effects on the pro-
liferation of L929 cells.
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According to the previously described optimisation, the hybrid silicon/polymer
printheads were identified as a promising alternative to improve the balance be-
tween functional and economic requirements. The term hybrid is used to reflect
the fact that the printheads are manufactured by combining dissimilar materials to
give a stronger emphasis to economic properties such as manufacturing flexibility
and costs. This chapter describes the fabrication and experimental characterisa-
tion of the hybrid printheads. The flexibility of the technology is demonstrated by
scaling up the process to a larger wafer format.

7.1 Fabrication

Similarly to Section 4.1, the fabrication of the hybrid printheads can be represent-
ed by a flow chart consisting of process blocks, which allows to easily gain insight
into the long process chain. As shown in Table 5-5, two methods were considered
to implement the sealing layer of the hybrid printheads: either by a layer of dry
film resist or by a PDMS lid. When the microchannels are sealed by a layer of dry
film resist, it is convenient to implement the process block Sealing before Dicing
(Figure 7-1(a)). In this way, several dies are sealed in one lamination step. In the
case of sealing by a PDMS lid, Dicing is performed before Sealing because handling

(a)

( Start H LithographyI H DRIEI H Lithography II ‘
|

v
| DRIEN | Passivation |—{ Sealing(DFR) |—{  Dicing |
|
|
‘ Assembly H Final inspection )

() ( Start H LithographyI H DRIEI H Lithography II ‘
|

| DRIEN |5 Passivation |—3  Dicing |3 Sealing (PDMS) |
|
|

‘ Assembly Final inspection )

Figure 7-1: Production flow represented by 10 process blocks. (a) Sealing by a layer of dry film
resist. (b) Sealing by a PDMS lid. The only difference between both production flows is the se-
quence of Sealing and Dicing. In the DRF-based method, Sealing is performed before Dicing. In the
PDMS-based method, the silicon wafer is diced first and Sealing is performed on a die by die basis.
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and aligning a thin PDMS layer on a wafer level appeared to be challenging and
error prone (Figure 7-1(b)). The advantage of the PDMS based method is that it
provides higher parallelisation since all individual printhead components can be
manufactured in a parallel fashion before being assembled. The only difference
between both methods is the sequence of the process blocks Sealing and Dicing.
The process chain up to and including Passivation and the execution of the process
block Assembly are the same for both methods.

7.1.1 Modification of the silicon micromachining process

Silicon micromachining includes all process blocks up to and including Passivation.
Even though the silicon layer in the hybrid printheads remained the same as in the
silicon/glass printheads, the process presented in Section 4.1 was modified in sev-
eral aspects, mainly to use the opportunities for cost reduction provided by the
new production sequence.

In the hybrid concept, the most significant factor enabling cost optimisation of the
silicon micromachining process is that dicing is performed prior to assembling the
reservoirs. Thus, the process blocks required to create the trenches for dicing re-
lease can be skipped (Lithography I and DRIE I from Figure 4-1). Further modifica-
tion was necessary since the SOI kit that is used to avoid notching was not availa-
ble in the used in-house facilities. Therefore, the oxide layer that is used as etch
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Figure 7-2: Resist as a masking material for DRIE - the influence of hard bake on the etch quality.
(a) Silicon nozzle with damaged walls caused by reflow of the resist during hard bake. (b) Contact
measurements of a resist profile before and after hard baking. The used resist for this experiment
was AZ 4500 with a thickness of approx. 4 um; (c) Enlargement of the masking layer during etching.
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stop for through-hole etch in the process presented in Section 4.1 was replaced by
aluminium. Aluminium has been demonstrated to be appropriate for notch-free
silicon etching [238]. Since this oxide was at the same time the masking layer for
nozzle etching, the oxide mask on the bottom side was replaced by a photoresist
mask. The problem with the last modification was damaged nozzle walls. As shown
in Figure 7-2(a), in the early development process, nozzles etched with a photore-
sist mask showed irregularities which may provoke cracking during printhead op-
eration or cleaning. The reason was found to be a thermal softening and rounding
of the resist during hard baking. This phenomenon is called reflow and can be ob-
served when the developed resist is heated above its softening temperature of typ-
ically 110 °C. Though for some applications reflow of the resist is important and
desirable, it may interfere with the required dimensional accuracy when the resist
is used as a masking material for DRIE. A characteristic feature of reflow is that the
point of contact between resist and substrate remains, while the upper edges of
the resist structures become rounded (Figure 7-2(b)). As depicted in Figure 7-2(c),
the rounded edges lead to an enlargement of the mask opening during DRIE, which
produced dimensional irregularities. The irregularities were avoided by skipping
the hard baking step, which in this case appeared to be redundant.

7.1.2 Sealing
This section describes the main steps needed to manufacture the lid and seal the
microchannels.

Method A: Dry film resist
The starting point for the sealing process is a fully processed silicon wafer with

Wafer bottom side

N .
Lamination Wafer top side
I |

Exposure
Nozzles

X
= = e Ll L] Le—m =,

Development

Figure 7-3: Selective sealing of TopSpot microchannels by a layer of dry film resist.
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Nozzle array

Figure 7-4: Top view (a) and cross-section (b) of microchannels sealed by a layer of TMMF.

microchannels and nozzles. The main process steps are shown in Figure 7-3, a top
view and cross-section of sealed microchannels are shown in Figure 7-4. The pro-
cessing of the dry film resists was performed using the parameters from Sec-
tion 6.1. As exposure is performed after the resist is applied onto the wafer, no
alignment was required during lamination. Cross-linking was initiated by exposure
to UV light with the protective coversheet on top of the resist. A printed mask with
a resolution of 800 dpi was used to prevent exposure above the nozzles.
Cross-linking was completed on a hotplate at temperature rates of about 2 °C/min.
The unexposed resist above the nozzles was removed in the subsequent develop-
ment step.

Method B: PDMS

This process block comprises casting of the PDMS lid and bonding of the lid to the
already separated silicon dies. The mould was fabricated using Ordyl SY dry film
resist and allowed for the parallel casting of six lids (Figure 7-5). PDMS was mixed
with its curing agent in a 10:1 ratio, casted on the mould, degassed in desiccator
for 1 hour and cured over night at 70 °C. Prior to bonding, the surfaces of the PDMS
and the silicon were activated by oxygen plasma for 30 s at 80 W (Picollo, Plasma
Electronic). The lid was placed on a clean glass slide to obtain mechanical support,

Figure 7-5: Mould for casting of the PDMS lids and a single lid placed on a glass substrate to obtain
mechanical stability for the alignment and bonding process.
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aligned by hand under a microscope and applied onto the silicon. Since the proba-
bility of good bonding decreases with time after activation, the application of the
lid was performed within a few minutes after the plasma treatment. The main chal-
lenge was to achieve a permanent, irreversible connection for the whole surface.
Most susceptible to bonding failures were border areas, where the lid could easily
be detached from the silicon. Possible reasons for these failures are surface con-
tamination or inappropriate parameters for plasma treatment. Generally, sealing
of the channels by PDMS was less reproducible compared to sealing by dry film
resists. In the course of the thesis work, it was decided to no longer pursue the
PDMS based approach in order to concentrate on dry film resists, which promised
to be considerably more successful for the intended application.

7.1.3 Assembly

In the process block Assembly, the already sealed dies and the COC reservoirs are
joined to form the printhead. The COC reservoirs were purchased from an external
supplier. Two joining methods were studied: using a two component epoxy adhe-
sive and using a double side coated pressure sensitive adhesive tape.

Method A: Two component epoxy adhesive

The method was based on using Epo-Tek 375, a two-component epoxy adhesive by
Polytec-PT. An adhesive layer with a thickness of about 20 pm was transferred on-
to the reservoirs as described in [239]. Due to the hydrophobic nature of COC, glu-
ing the reservoirs to the silicon core without a surface treatment was not possible.
Therefore, before applying the glue, the COC surface was treated with oxygen
plasma for 4 minutes at 200 W. This treatment helped to provide a strong bond,
however, after curing, the glue became too rigid to compensate the CTE mismatch
when the assembly was heated up to the printhead washing temperature of 80 °C.
At this temperature, the CTE mismatch between COC (55E-06 K1) and silicon
(3E-06 K1) caused cracks on the COC surface and damaged the reservoirs.

Method B: Pressure sensitive adhesive tape

The used tape was 3M 9965, a polyester diagnostic tape coated with a pressure
sensitive acrylate adhesive on both sides. The thickness of the polyester tape is
50 um and the thickness of the adhesive layer on each side is 20 um. The typical
applications of this tape are microfluidic devices and sealing consumables for bio-
logical assays such as PCR and ELISA. The tape was first laser cut to obtain the re-
quired shape (Figure 7-6) and using an alignment tool, it was first applied on the
silicon and then on the COC. Bonding was realised by applying slight pressure by
hand. In contrast to the epoxy adhesive, the tape provided enough flexibility to
compensate the difference in thermal expansion between COC and silicon when
the printheads were heated up to the washing temperature. Thus, this method was
chosen for production and further characterisation of the hybrid printheads.
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Figure 7-6: (a) Laser cut 3M 9965 adhesive tape. (b) Finished hybrid printhead.

7.2 Characterisation

In this section, the following printhead parameters are discussed: priming, delami-
nation, cross-talk and carryover, printing, lead time and yield, manufacturing costs
and lifetime.

7.2.1 Printhead priming

Even though several descriptions of capillary liquid transport have been presented
in the literature [240,241], it is not possible to analytically predict whether a liquid
will definitely spontaneously overcome all geometrical hurdles in the channels, e.g.
changing cross-section, changing flow direction and corners. One indirect possibil-
ity to analyse whether the hybrid printheads are more prone to priming failures is
to compare the capillary pressures in the channels of the hybrid and the sili-
con/glass printheads. Generally, the higher the capillary pressure, the faster and
safer the capillary priming of the printhead. For microchannels with a rectangular
cross-section like in the TopSpot printheads, the capillary pressure in the channels
can be calculated by [242]:

cosBOy + cosf cosO; + cos0
p= )/( B T n L R)

- - (7.1)

where y is the surface tension of the liquid, h and w are the height and width of the
channel and 6g 1, are the contact angles of the liquid on the bottom, top, left and
right channel wall, respectively. According to Equation 7.1, the capacity of a micro-
channel to provide capillary flow decreases with increased advancing contact an-
gles.

Using Equation 7.1 and the experimental results from Section 6.2.1, the capillary
pressure in the microchannels was calculated for different lid materials. The re-
sults are presented in Table 7-1. The highest pressure for untreated microchannels
was calculated to be 2.36 kPa and was obtained for the silicon/glass printheads.
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Table 7-1: Change of the capillary pressure over time for different lid materials. The channel mate-
rial is silicon. The liquid is water with a surface tension of 72.75 mN/m, the width and height of the
channels are 80 um. The contact angles are taken from Section 6.2.1, using the values achieved for
storage under nitrogen atmosphere.

Untreated Immediately after plasma treatment
Lid TMMF PerMX Ordyl PDMS Glass | TMMF PerMX Ordyl PDMS Glass
P[kPa] 171 1.75 1.99 1.29 2.36 3.25 3.24 3.26 3.20 3.24
9 days after plasma treatment 14 days after plasma treatment
Lid TMMF PerMX Ordyl PDMS Glass | TMMF PerMX Ordyl PDMS Glass
P[kPa] 2.55 2.35 2.74 2.27 2.82 1.93 1.97 2.28 1.77 2.43

For microchannels sealed by a dry film resist, the capillary pressure was in the
range of 1.71 kPa to 1.99 kPa, depending on the type of the used resist. The initial
pressure in microchannels sealed by a PDMS lid was 1.29 kPa or about 45 % lower
compared to the silicon/glass printheads. Immediately after plasma treatment, the
pressures for all lid materials became comparable. Nine days after the treatment,
the priming performance of the hybrid printhead was still comparable to that of
the silicon/glass printheads. Generally, the capillary pressures for all printheads
drop over time. Even though the calculated capillary pressures are not quantita-
tively linked to an increased probability for filling failure, Table 7-1 shows that the
priming performance of the hybrid printheads will be slightly inferior compared
that of the silicon/glass printheads.

7.2.2 Delamination, cross-talk and carryover

Delamination or damage of the lid are potential failure modes that might cause
cross-talk between channels or carryover by formerly printed samples and thus
distort the results of microarray experiments. Since traditional methods of adhe-
sion evaluation such as tensile or tape test are not fully representative of the oper-
ational conditions, the quality of the sealing was verified by alternately pushing
5% (v/v) RBS cleaning solution and water through the channels for approx.
5 hours. The pressure in the liquid inlet line was 0.2 MPa. The experiment was per-
formed using the printhead cleaning station presented in [243]. During the exper-
iment, the printhead was dipped in a glass beaker filled with pure water and soni-
cated in a water bath at 80 °C. According to the standard operation procedure for
printhead cleaning [244], this load corresponds to more than 30 washing cycles.
After the load test, the printhead was dried with nitrogen and examined under the
microscope. No delamination or lid damage was observed, even for those areas of
the lid where the distance between neighbouring microchannels was only 100 pm.
These areas are especially prone to failures as the contact surface between the lid
and the silicon is very small and the load required to cause delamination is more
easily exceeded.
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1 mm

Figure 7-8: Cross-contamination and carryover test by printing a checkerboard pattern of a fluo-
rescent dye and pure water.

The functional absence of cross-talk and carryover was confirmed by the following
experiment: A hybrid printhead was first primed with Rhodamine B fluorescent
dye at a concentration of 100 nM and water in a checkerboard pattern. Subse-
quently, the printhead was cleaned according to [244] and the pattern was invert-
ed so that each reservoir that was previously filled with the fluorescent dye was
now filled with water and vice versa. The inverted layout was printed onto an
epoxy coated glass slide using an E-Vision microarrayer by BioFluidix. Finally, the
image of the printed droplets was analysed using a LaVision BioAnalyzer (BioTec),
showing that there was no cross-talk or carryover contamination of samples and
confirming the high quality of the sealing (Figure 7-8).

7.2.3 Printing

TopSpot hybrid printheads were successfully applied for the printing of DNA and
protein microarrays within several research projects and pilot studies, e.g. for HPV
detection [245] and sepsis diagnostic [246]. The microarrays for these studies
were produced using an E-Vision single slide microarrayer and a multi-slide mi-
croarray printer by BioFluidix. Using the SpotCheck camera, the printing perfor-

24 dropletsin flight
(b)

Figure 7-7: Microarray printing with hybrid printheads. (a) Image of an oligonucleotide microar-
ray taken by the DropCheck camera of an E-Vision microarrayer during the microarray fabrication
process. (b) Stroboscopic image of droplets in flight.
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mance was monitored during the microarray fabrication process (Figure 7-7(a)).
The printing performance was further analysed by stroboscopic observation of the
droplets in flight (Figure 7-7(b)). The focus of the analysis was on possible failures
such as satellite droplets, wetting of the nozzles or tilted droplet trajectories. Such
failures can occur due to filmic contamination by the chemistry of the dry film re-
sist or by resist residues on the nozzles. The stroboscopic analysis provided a good
quantitative insight into the printing process and showed that the droplet for-
mation and droplet flight are well comparable to that of the silicon/glass print-
heads. Since the dispensing quality is defined mostly by the quality of the nozzles
(which is identical for both concepts) it is expected that the printing reproducibil-
ity of both concepts is nearly equal, as well.

7.2.4 Lead time and yield

Lead time and yield analysis was carried out analogously to Section 4.2. The yield
of the individual process blocks and their rework probability were considered the
same as for the silicon/glass concept, except for the process block Dicing and the
newly introduced Sealing and Assembly. The dicing yield could be increased from
90 % to 95 % due to the reduced thickness of the substrate being diced (from
2.48 mm to 0.38 mm) and the reduced number of dicing paths per wafer (from 48
to 16). Due to the reduced thickness, the dicing feed rate could be increased by a
factor of 2, which together with the reduced number of dicing paths caused a total
reduction of the processing time for dicing by a factor of 6. The sealing by dry film
resist is more tolerant to particle contamination, and the yield of Sealing could be
increased from 90 % to 95 % (compared to the process blocks Bond in the sili-
con/glass technology). The rework probability of Sealing was 20 %, the same as for
Lithography. The most probable failure in Sealing was wrinkling of the dry film
during lamination caused by the high number of manual operations involved in
this process. In case of lamination failure, the dry film was removed by immersion
in the developer and the lamination was repeated. Even though the adhesive tape
is more tolerant to particles and surface inhomogeneities, the yield of the process
block Assembly could not be increased compared to the yield of Anodic bonding.
The main part of the failures during assembly was caused by the manual imple-
mentation of the assembly procedure which proved to be prone to misalignment
and mechanical damage of the silicon. A drawback of the new assembly procedure
is that there is no feasible rework strategy. In contrast to the silicon/glass concept
where bonding failures can be reworked, the rework probability for the process
block Assembly was 0 %.

An overview of the lead times, yield and rework probability is presented in Table
7-2. Using the processing times from Table A 2 and Equations 4.1 to 4.4, the opti-
mistic, pessimistic and expected lead times were calculated to be 24, 28 and 30
days, respectively. In other words, the uncertainty of lead time prediction ex-
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Table 7-2: Lead time and yield analysis. LTppr, LTgxp and LTppsare the optimistic, expected and
pessimistic lead times. RD is the rework duration and RP the rework probability, i.e. the chance
that a process block will produce a rework. FPY and Y are the first pass yield and the process yield
after rework. Machine and operator times are taken from Table A 2 in the Appendix. Time units
smaller than 24 hours are rounded to one day.

ln case Of LDOPT RD FPY RP Y LTEXP LDPES

# Processblock  owork [days] [days] [%] [%] [%] [days] [days]
1  Start n/a 2 0 100 0 100 2 2
2 Lithographyl Repeat 1 1 80 20 100 2 2
3 DRIEI n/a 6 0 95 0 95 6 6
4  Lithography II Repeat 2 2 80 20 100 3 4
5 DRIEII n/a 5 0 95 0 95 5 5
6  Passivation Repeat 1 1 95 5 100 2 2
7  Sealing Repeat 2 2 75 20 95 3 4
8 Dicing n/a 1 0 95 0 95 1 1
9  Assembly n/a 1 0 90 0 90 1 1
10 Final inspection n/a 3 0 96 0 96 3 3
TOTAL 24 6 34 n/a 70 28 30

pressed by the difference between the pessimistic and the optimistic lead time was
decreased by a factor 4, and the expected lead time was decreased by more than
35 % compared to the silicon/glass printheads. Using Equations 2.1 and 4.5, the
yield was calculated to be 70 %, i.e. a yield improvement by 10 %.

7.2.5 Costs analysis

Cost analysis was performed analogously to Section 4.3, using the material costs
presented in Table 7-3 and the process times from Table A 2 in the Appendix. The
cost reduction compared to the silicon/glass printheads is presented in Figure 7-9.
The mean cost reduction was calculated to be 59 %. The most significant contribu-
tors to this saving are the reduced workload for machine and operator and the re-
placement of cost-intensive semi-finished glass substrates by low cost polymer
materials (Figure 7-10). Additionally, polymers allow for sealing and assembly
techniques which are faster and have higher yields than anodic bonding. Signifi-
cant cost reduction is also achieved by simplification of the dicing strategy, reduc-
ing the number of dicing paths and increasing the dicing speed.
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Table 7-3: Material costs involved in the manufacturing of the hybrid printheads.

# Item Costtype Unit Qty. Value
1 Lithography mask set for silicon DRIE Fixed MU 1 1600
2 Lithography mask for Sealing Fixed MU 1 100
3 Silicon wafers Variable M.U. 1 80

4 Semi-finished COC reservoirs Variable M.U. 4 80

5 TMMF sheet (size suitable for one wafer) Variable M.U. 1 40
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Figure 7-9: Manufacturing cost behaviour for different production volumes. (a) Manufacturing
costs per printhead normalised to the costs per silicon/glass printhead assuming a production vol-
ume of 10. (b) Costs reduction with respect to the current silicon/glass technology. The mean cost
reduction is 59 %.
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Figure 7-10: Comparison of cost breakdown for a production volume of 60 printheads.
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7.2.6 Lifetime

Generally, polymer materials are more prone to aging and degradation than glass.
The same applies for adhesive bonds when compared to anodic bonding. The most
relevant types of degradation which the polymer materials implemented in the
hybrid printheads undergo are mechanical, chemical and thermal. Even though the
hybrid printheads were intensively used over the course of months without obvi-
ous degradation, it is expected that their lifetime will be shorter than the lifetime
of the silicon/glass printheads.

7.3 Process transfer to a 150-mm wafer

The motivation for transferring to a larger wafer format was to determine whether
it would weaken the silicon wafer and make it more susceptible to mechanical
damage during lamination. In the course of the process transfer, the printheads
were redesigned in order to reduce the reservoir pitch and make the nozzle grid
conform to the well arrangement of the corresponding microtiter plates, i.e. 8x3
for the 24-channel and 16x6 for the 96-channel printhead, respectively. Besides,
the new mask layout considered an additional intermediate printhead format with
48-channels and a nozzle grid of 8x6. When creating the masks, the emphasis was
on placing the highest possible number of printheads and using one set of lithog-
raphy masks to cover all printhead formats. The most appropriate option to meet
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Figure 7-11: (a) 150-mm silicon wafer after lamination and completing the process block Sealing.
The implemented design enables the production of different printheads on the same wafer.
(b) 48-channel hybrid printhead. (c) Stroboscopic image of the droplets in flight.
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these requirements was a wafer with four 96-channel, four 48-channel and twelve
24-channel printheads (Figure 7-11(a)). The processing of 150mm wafers showed
that they are well comparable to 100mm wafers in terms of manufacturing yield
and rework probability. The functionality of the 48-channel printheads was proven
in preliminary experiments by stroboscopic inspection of the droplets in flight. An
assembled 48-channel hybrid printhead and a stroboscopic image of the droplets
in flight are shown in Figure 7-11(b-c).
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8 All-POLYMER PRINTHEADS

This chapter demonstrates the manufacturing feasibility and the general function-
ality of the all-polymer printheads. The fabrication process is described and the
properties of the printheads are discussed based on priming and printing experi-
ments. As the polymer technology is not yet fully developed, yield and lead time
analysis are based on both proof of principle studies and estimations regarding
possible improvements until the technology is ready to go into serial production.

8.1 Fabrication

The starting point of the fabrication process were semi-finished PMMA substrates
with a size of 3100 mm x 3 mm featuring reservoirs, nozzle inlets and alignment
marks. The semi-finished PMMA substrates were produced by an outside supplier
by means of standard CNC machining. As shown in Figure 8-1, the fabrication pro-
cess can be represented by five process blocks. The fabrication process is illustrat-
ed in Figure 8-2, the detailed process chain is presented in Table A 3 in the Appen-
dix.

( Start H LithographyI %{ Lithography Il %{ Dicing Finalinspection)

Figure 8-1: Production workflow represented by five process blocks.

Reservoirs
Start . T
Nozzleinlets
N N F Ennvaaem ¥ N N
LithographyI
Lithography II
Nozzles Supply channels

Figure 8-2: Fabrication process of the all-polymer printheads. Starting point is a semi-finished
PMMA substrate with fluidic access holes purchased from an outside supplier. The nozzles and the
supply channels connecting the nozzles with the reservoirs are fabricated in a multilayer dry film
process.
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In the process block Lithography I, two TMMF layers were laminated onto the
PMMA substrate to obtain a fluidic layer with a thickness of 110 pm. Microchan-
nels running from each reservoir to the corresponding nozzle inlet in the centre of
the printheads were patterned by photolithography. After exposure, the wafer was
placed on a hotplate to complete the cross-linking reaction, followed by develop-
ment, rinse with IPA and deionised water and dried under a nitrogen stream. Fig-
ure 8-3 shows a PMMA wafer after the process block Lithography I was completed.

The process block Lithography II comprises the production of the sealing layer.
TMMF was applied by means of lamination and exposed to UV light through a mask
to initiate cross-linking and pattern a nozzle at the end of each channel. In contrast
to Lithography I, the exposure of TMMF was performed without the protective co-
versheet in order to achieve homogeneous nozzles and enable proper droplet
break-up. During exposure, sticking between TMMF and the mask was prevented
by removing the coversheet 24 hours prior to the exposure, as described in Sec-
tion 6.1.3. The cross-linking reaction was finalised by PEB on a hotplate, followed
by development, rinse with IPA and water and drying with nitrogen purge. Figure
8-4(a) shows a cross-section of an all-polymer printhead. A detailed view of the
nozzle array is presented in Figure 8-4(b-c). The printheads were separated from
the substrate using a rotating diamond blade. Due to a limitation of the achievable
dicing depth, the substrate was not diced completely through: First, 2.2 mm deep
grooves were diced along the dicing paths and finally the printheads were separat-
ed manually along the grooves (Figure 8-4(d)).

Figure 8-3: PMMA substrate after patterning the first fluidic layer. The six holes in the outer area
are for holding the substrate during machining of the fluidic access holes.
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05 mmm

5 mm

Figure 8-4: All-polymer printheads. (a) Cross sectional view showing the reservoirs and sealed
microchannels. (b) Top view and (c) bottom view of the nozzle array. (c) Finished polymer print-
heads after dicing.

8.2 Characterisation

8.2.1 Printhead priming

The priming properties of the printheads were examined experimentally by pipet-
ting dyed water into the reservoirs. The experiment was performed before and
after oxygen plasma treatment. The number of tested channels was 419, using 19
different printheads. 37 channels were not considered because they were damaged
and did not contribute to the priming study.

Two interfaces were identified to be prone to priming failures: Reservoir/Channel
and Channel/Nozzle (Figure 8-5). Even though both TMMF and PMMA are hydro-
philic, only 14.8 % of the untreated channels could be filled by capillary forces. In
40.6 % of the channels, the liquid stopped at the interface Reservoir/Channel, and
in 44.6 % of the channels a filling stop occurred at the interface Channel/Nozzle.
One possible reason for these malfunctions is burrs from the CNC process which
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.
1 7

Reservoir Microchannel Nozzle

m_ . =m .= .

Self-filling without failure Failure at the interface Failure at the interface
Reservoir / Channel Channel / Nozzle

Figure 8-5: Classification of failure modes with respect to priming.

Table 8-1: Priming performance of the all-polymer printheads with untreated channels and imme-
diately after the oxygen plasma treatment.

Failure type Unit Untreated After treatment
Self-filling without failure [%] 14.8 100
Failure at the interface Reservoir/Channel [%)] 40.6 0.0
Failure at the interface Channel/Nozzle [%] 44.6 0.0

may cause a stop of the liquid flow. After the plasma treatment, the self-filling
properties were significantly improved and 100 % of the channels were filled
without any failure. This can be explained by the improved wetting behaviour and
increased capillary pressure in the channels. Substituting the measured contact
angles from Section 6.2.1 into Equation 7.1, the capillary pressure before and after
the treatment was calculated to be 0.44 and 3.06 kPa, respectively. The results of
the self-filling study are summarised in Table 8-1.

8.2.2 Delamination, cross-talk and carryover
The initial leak-tightness of the channels was confirmed by the priming study
(Figure 8-6). Additionally, the printheads were subjected to a pressure test at

Figure 8-6: Polymer printhead filled with died water to verify the initial leak tightness.
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0.8 MPa for 5 min which confirmed that they can withstand this load without de-
lamination or lid damage. However, when the printheads were sonicated in a heat-
ed water bath at 80 °C (in addition to the pressure load of 0.8 MPa), delamination
at the PMMA/TMMF interface occurred. The delamination was restricted to the
centre of the printheads and can be explained by the very small substrate-resist
contact area. Even though cross-talk and carryover of samples were not particular-
ly analysed, it can be concluded that combined loads of pressure (0.8 MPa), tem-
perature (80 °C) and ultrasonic actuation weaken the sealing and pose a risk of
cross-talk and carryover contamination. Thus, especially when the printheads are
not intended to be used as disposable devices, the all-polymer printheads are infe-
rior compared to the hybrid and the silicon/glass printheads.

8.2.3 Printing

Since the standard hydrophobisation procedure for silicon nozzles [247] appeared
to be inappropriate for TMMF, the printing performance was studied with uncoat-
ed nozzles. The suitability of the all-polymer printheads for printing of single drop-
lets was verified by stroboscopic observation of the droplets in flight. The main
challenge was wetting of the nozzles after some period of operation and, as a con-
sequence, missing and satellite droplets (Figure 8-7). Based on the diameter of the
droplets in flight, the dispensed volume was calculated to be in the range of 745 pl,
which is less than the droplet volume of the silicon/glass printheads (Figure 8-8,
Equation 8.1). This can be explained with the changed geometrical dimensions of
nozzles and nozzle inlets, which in a previous study were found to have a great
influence on the dispensed volume [243]. The accuracy in determining the droplet
diameter from the stroboscopic image was found to be + 3 px, i.e. approx. + 6 um,
which corresponds to a volume error of approx. + 115 pl. The homogeneity of
droplet volumes was not explicitly analysed because such an analysis is more rea-
sonable after implementing a hydrophobic nozzle coating and optimising the print-
ing parameters. However, it can be assumed that the variation of the droplet vol-
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Figure 8-7: Printing performance of polymer printheads with unmodified TMMF nozzles. (a) Wa-
ter droplets in flight. (b) Printed droplets on a hydrophobic coated glass slides. Scale bars represent
500 pm.
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56 px

500 um 2 249 px

Figure 8-8: Calculation of the droplet volume based on stroboscopic images of the droplets in
flight.
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ume will be higher as compared to the silicon/glass and the hybrid printheads. The
main reasons for this are the lower stiffness of TMMF (2.1 GPa [197]) compared to
silicon (130 GPa [248]) and the lower resolution of TMMF (10 um [191]) com-
pared to the photoresist used as a masking material for etching of the silicon noz-
zles (1 um [249]).

The printing experiments demonstrated the general feasibility of the polymer ap-
proach. At this development stage, however, the droplet homogeneity and reliabil-
ity of the all-polymer printheads are not sufficient to compete to the state-of-the-
art microarrayers presented in Section 1.3.

8.2.4 Lead time and yield

The optimistic, expected and pessimistic lead times were calculated similarly to
Section 4.2 and using the processing times from Table A 3 in the Appendix. The
results of the analysis are summarised in Table 8-2. A specific characteristic of the
polymer approach is that there is no possibility of rework after the process block
Lithography has taken place. The reason for this is that after post exposure bake,
the dry film resist cannot be removed from the substrate in a convenient way. The
lack of the possibility of rework decreases the total yield, but it is also the reason
why the optimistic, expected and pessimistic lead times are identical. This enables
a high precision in lead time prediction and adherence to committed delivery
dates. Another characteristic of the polymer approach is the shorter lead time. The
expected lead time takes about 30 % of the lead time of the hybrid printheads and
20 % of the lead time of the silicon/glass printheads.

To provide honest comparisons between the different concepts, the first pass yield
of the process blocks Lithography I/l was adopted from the hybrid and the sili-
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8.2 Characterisation

Table 8-2: Summary of the lead time and yield analysis. . LTypy, LTgxp and LTpggs are the optimistic,
expected and pessimistic lead times. RD is the rework duration and RP the rework probability, i.e.
the chance that a process block will produce a rework. FPY and Y are the first pass yield and the
process yield after rework. Machine and operator times are taken from Table A 2 in the Appendix.
Time units smaller than 24 hours are rounded to one day.

Incase of LDgpy RD FPY RP Y LTgxp  LDpgg

#  Process block rework  [days] [days] [%] [%] [%] [days] [days]

1  Start n/a 1 0 100 0 100 1 1
2 LithographyI n/a 2 0 80 0 80 2 2
3 Lithography II n/a 2 0 80 0 80 2 2
8 Dicing n/a 1 0 100 0 100 1 1
10 Final inspection n/a 2 0 84 0 84 2 2
TOTAL 8 0 54 n/a 54 8 8

con/glass printheads (80 %). Separation of the printheads with a conventional di-
amond saw blade proved to work without chipping, cracking or other defects that
cause rework or scrap. Therefore, the first pass yield of dicing was assumed to
be 100 %.

Since the technology is not yet fully developed, the percentage of good printheads
after the final inspection will be significantly lower compared to the hybrid and the
silicon/glass concepts. Lower yields are common with new manufacturing pro-
cesses, and as the process is further developed, the yield will increase. In the early
development stage, the most significant contributing factor to yield loss was the
production of the nozzle array. The root cause analysis showed that most likely
during exposure light is scattered from the wafer chuck and the substrate, thus
causing undesirable exposure of masked resist regions. Moreover, the used sub-
strate material had a matte surface finish with a diffuse light reflection which addi-
tionally supported light scattering and unwanted polymerisation of the nozzles. A
similar problem with SU-8 on glass substrates has been reported in the literature,
and different counteractions have already been successfully implemented [250]. In
this early development stage, it was assumed that the percentage of printheads
that do not pass the final inspection and testing will be 4 times higher compared to
the printheads with silicon nozzles. Based on this assumption, the first pass yield
of the process block Final inspection was considered to be 84 %. The yield values
of all process blocks are summarised in Table 8-2. Using Equation 2.1, the total
yield was calculated to be 54 %.

8.2.5 Costs analysis

Cost analysis was performed based on the same assumptions as for the sili-
con/glass printheads (Section 4.3). Using Equations 2.4-2.6, the material costs
from Table 8-3 and the processing times from Table A 3 in the Appendix, the man-
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8 All-POLYMER PRINTHEADS

Table 8-3: Material costs involved in the manufacturing of the all-polymer printheads.

# Item Costtype Unit Qty. Value
1 Lithography mask set Fixed MU 1 1600
2 Semi-finished PMMA substrates Variable M.U. 1 80
3 TMMF sheet (size suitable for one wafer) Variable M.U. 1 40
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Figure 8-9: Manufacturing cost behaviour for different production volumes. (a) Manufacturing
costs per printhead normalised to the costs per silicon/glass printhead assuming a production vol-
ume of 10. (b) Costs reduction with respect to the current silicon/glass technology. The mean cost
reduction is 76 %.
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Figure 8-10: Comparison of cost breakdown for a production volume of 60 printheads.

ufacturing costs were calculated for a production volume of 10 to 100 printheads
(Figure 8-9). The cost reduction compared to the silicon/glass printheads was cal-
culated to be 76 % for the entire production volume range. The most important
factors for cost reduction were the reduction of the processing costs, particularly
by eliminating the process blocks DRIE and Bonding, and lower material costs
(Figure 8-10).
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8.2 Characterisation

8.2.6 Lifetime

The lifetime considerations for the hybrid printheads in Section 7.2.6 also hold
true for the all-polymer printheads. Since not only the sealing lid but also function-
al fluidic components such as microchannels and nozzles were implemented in
TMMEF, it is expected that the lifetime of the all-polymer printheads will be lower
than the lifetime of the hybrid and the silicon/glass printheads. The most signifi-
cant contributor to the reduced lifetime is expected to be delamination of the resist
close to the nozzles, promoted by the very small contact area with the substrate.
The risk of delamination can be reduced by design adaptation, e.g. decreasing the
channel width, increasing the nozzle pitch or a combination of both, and by further
process improvement in terms of resist adhesion.
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9 TECHNOLOGY SELECTION USING THE ANALYTICAL
HIERARCHY PROCESS

There are few applications where the most suitable fabrication technology can be
determined without deeper analysis of the specific requirements. In most cases,
however, the decision is a balancing act between economic and functional criteria.
The process of technology selection can therefore be considered as a multi-criteria
decision-making problem. This chapter employs the analytical hierarchy process
presented in Chapter 3 with the aim of evaluating different printhead alternatives
and selecting the printhead that is most appropriate based on a given set of crite-
ria.

9.1 Hierarchical framework

The hierarchical framework used for the evaluation of the printheads is shown in
Figure 9-1. The first level of the framework is the goal, which in this case was the
technology selection for TopSpot printheads. The second level comprises the crite-
ria upon which the evaluation is based. The criteria assigned to this level were per-
formance (C,), lifetime (C,), lead time (C3) and costs (C4). In order to enable a
deeper analysis without increasing the rank of the comparison matrix, four per-
formance related sub-criteria were arranged in a lower hierarchical level: print-
head priming (Cy1), cross-talk avoidance (C,,), carryover avoidance (C;3) and print-
ing quality (C14). In this way it was also possible to avoid comparing performance
related with operational and economic criteria such as lead time and costs. The
lowest level of the hierarchical framework represents the different technologies
for fabrication of the printheads: the standard silicon/glass technology (A;), the

Most appropriate technology for TopSpot printheads
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Figure 9-1: The hierarchical framework for evaluating the printhead alternatives.
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9 TECHNOLOGY SELECTION USING THE ANALYTICAL HIERARCHY PROCESS

hybrid silicon/polymer technology based on COC and TMMF (A,) and the
all-polymer technology based on PMMA and TMMF (Aj;).

9.2 Comparison, consistency analysis and prioritisation
The pairwise comparison process was accomplished according to the hierarchical
framework in Figure 9-1. First, the criteria C; to C4, were compared to each other in
order to quantify their importance with respect to the goal. Since the degree of im-
portance of one criterion over another is strongly customer dependent, there is
more than one possible priority vector. Common customer needs are represented
by the comparison matrices 4 and B in Table 9-1.

The corresponding priority vectors are obtained by the eigenvector method and
are the normalised principal eigenvectors of A and B. The matrix A represents a
typical customer whose buying decision depends mostly on the criteria perfor-
mance (wq; = 0.589) and lifetime (w.;, = 0.292) with lead time (w3 = 0.055) and
costs (w¢y = 0.064) being less important. The comparison matrix B represents a
customer paying highest attention to performance (w.; = 0.439), followed by
costs (Wgq = 0.269), lead time (w3 = 0.229) and lifetime (w;, = 0.062). The con-
sistency ratio of A and B was calculated using Equations 3.5 and 3.6. For both ma-
trices, the consistency ratio was below 0.1, which means that they satisfy the con-
sistency criterion of the AHP:

CI ﬂmaX,A —n 4.09 - 4
_ b Tm—T " Ta-1 _ (9.1)
CR, = = = = 0.03
47 RI,_, Rl 0.9

CI ﬂzmax,B —n 4.18 - 4
_ Y _ n—-1 _ 4-1 _ (9.2)
CRp = = = = 0.07
B~ RI,_, Rl 0.9

The four sub-criteria from the third hierarchical level C;; to C;, were assigned

Table 9-1: Two possible prioritisations representing common customer needs. The priorities are
the normalised principal eigenvectors of the matrices A and B. 4,,,,, and CR are the corresponding
maximal eigenvalue and the consistency ratio, respectively.

Matrix A Matrix B
¢, C C3 C, Priority C; C, (3 C4 Priority

Performance (; 1 3 9 7 0.589 1 7 3 1 0.439

Lifetime Cy |13 1 7 5 0.292 177 1 15 1/3 0.062

Lead time Cs 1/9 177 1 1 0.055 1/3 5 1 1 0.229

Costs Cy 17 1/5 1 1 0.064 1 3 1 1 0.269
ﬂmax = 4’.09; CR = 0.03 ﬂ/max = 4.18; CR = 0.07
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9.2 Comparison, consistency analysis and prioritisation

Table 9-2: Pairwise comparison matrix for the sub-criteria with respect to their common parent.

Ci1 Cip Ci3 Cyy  Local priority

Printhead priming  Ci1 11 1 1 0.250
Cross-talk avoidance Cj» 1 1 1 1 0.250
Carryover avoidance C;3 1 1 1 1 0.250
Printing quality Cia 1 1 1 1 0.250

equal importance with respect to their parent C;. This most appropriate repre-
sents a common range of applications where printhead priming, the avoidance of
cross-talk and carryover and the printing quality share the same level of im-
portance (Table 9-2).

Since the three technologies are to be evaluated with respect to seven criteria and
sub-criteria, seven comparison matrices in the order of 3x3 were necessary for the
evaluation (Table 9-3). The entries in the matrices were obtained by comparing
the technologies A; (silicon/glass), A,(hybrid) and A;(all-polymer) with each oth-
er and are explained in more detail in Sections 9.2.1 to 9.2.7. The judgment a;; in-
dicates whether the technology i is superior or inferior to the technology j with
respect to a given criterion. In accordance to the fundamental scale of the AHP,
a;; > 1 indicates a superiority of i over j, and a;; < 1 indicates a superiority of j
over [ (the higher the number the stronger the superiority). The diagonal elements
of the matrices, i.e. when one technology is compared to itself, are always 1
(a;; = 1), and the elements below the diagonal are the reciprocal mirror image of
the elements above it (a;; = 1/a;;).

9.2.1 Printhead priming

The priming properties of the silicon/glass (4;) and the hybrid printheads (4,)
are dominated by the wetting behaviour of the silicon channels. Although the
channels are fabricated using the same DRIE process and consequently have the
same wetting behaviour, a higher priority was given to the silicon/glass technology
due to the higher native hydrophilicity of the glass lid and consequently higher
capillary pressure in the channels: a;, = 3. When compared to the all-polymer
printheads (43), the silicon/glass and the hybrid printheads were judged strongly
and slightly superior, respectively: a;3 = 5 and a,3; = 3.

9.2.2 Cross-talk avoidance

Concerning the risk of cross-talk, the hybrid technology (4,) and the silicon/glass
technology (A4;) were judged to be of equal quality: a;, = 1. This judgment was
based on the experimental results obtained in Section 7.2.2. Even though the all-
polymer printheads (A;) demonstrated initial leak tightness when applied to a
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9 TECHNOLOGY SELECTION USING THE ANALYTICAL HIERARCHY PROCESS

Table 9-3: Pairwise comparison matrices for the printhead alternatives with respect to the seven
criteria. The values in the brackets represent the normalised priorities obtained by dividing each
priority by the highest priority. In this way, the priority of the most preferred alternative becomes
“ideal” and receives the value of 1.

Printhead priming (C41) Cross-talk avoidance (C1,)

A A, Aj Priority Ay A, Az Priority
Ay 1 3 5\ 0.637 (1.000) 1 1 7\ 0.467 (1.000)
A, (1/3 1 3) 0.258 (0.405) ( 1 1 7> 0.467 (1.000)
Az | \1/5 1/3 1/ 0.105 (0.165) | \1/7 1/7 1/ 0.067 (0.143)

Carryover avoidance (C13) Printing quality (C14)

Ay A, Aj Priority A A, Az Priority
A 1 1 5\ 0.455 (1.000) 1 1 9\ 0474 (1.000)
A, ( 1 1 5) 0.455 (1.000) ( 1 1 9> 0.474 (1.000)
Az | \1/5 1/5 1/ 0.091 (0.200) | \1/9 1/9 1/ 0.053 (0.112)

Lifetime (C,) Lead time (C3)

Ay A, Az Priority A A, Az Priority
A 1 3 9\ 0.655 (1.000)| 1 1/3 1/5\ 0.105 (0.165)
A, (1/3 1 7) 0.290 (0.443) <3 1 1/3) 0.258 (0.405)
A3 | \1/9 1/7 1/ 0.055 (0.084)| \5 3 1 0.637 (1.000)

Costs (Cy)

Ay A, Az Priority
A | /1 1/5 1/7\ 0.072 (0.111)
A, (5 1 1/3) 0.279 (0.430)
A3 [\7 3 1/ 0.649 (1.000)

constant pressure load, they are characterised by a significantly higher risk of
cross-talk due to possible degradation of the sealing properties. Thus, the polymer
technology was judged very strongly inferior to both the hybrid and the sili-
con/glass technologies: a;; = az, = 1/7.

9.2.3 Carryover avoidance

In experimental studies, the hybrid printheads (4,) demonstrated high reliability
with no evidence of sample-to-sample carryover and were therefore judged as be-
ing equivalent to the silicon/glass printheads (4;): a;, = 1. The all-polymer print-
heads (43) were judged strongly inferior to both the hybrid and the silicon/glass
printheads: a3, = a3, = 1/5. This judgment was motivated by the minor robust-
ness of the all-polymer printheads which might require gentler cleaning in order to
avoid mechanical damage and delamination of the nozzle layer. As a consequence,
this might decrease the efficiency of the cleaning process and poses a higher risk of
carryover contaminations.
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9.2 Comparison, consistency analysis and prioritisation

9.2.4 Printing quality

The printing performance is mostly defined by the fabrication accuracy and homo-
geneity of the nozzles. Since the nozzles of the silicon/glass (4;) and the hybrid
printheads (4;) are both fabricated using the same silicon DRIE process, the two
technologies have nearly equal printing performance and were accordingly as-
signed equal priority: a;, = 1. The appropriateness of this judgment was con-
firmed by the printing experiments in Section 7.2.3 and by the fact that both print-
heads use the same coating method to avoid wetting of the nozzles. The hybrid and
the silicon/glass printheads were assigned the highest possible advantage over the
all-polymer printheads (A43): a;3 = a,3 = 9. The reasons for this judgment are
manifold. From more general perspective, the all-polymer technology is in the ear-
ly development stage and is therefore more prone to deviations from target pa-
rameters, especially regarding tightly tolerated features like dispensing nozzles.
Besides, the nozzles of the all-polymer printheads suffer from lower mechanical
strength (compared to silicon) and lower resolution of TMMF (compared to the
photoresist used as a masking material for silicon etching). In addition, the effi-
ciency of the hydrophobic coating on TMMF, a crucial factor in terms of high print-
ing quality, is still insufficient and needs to be further improved in order to be
competitive with the silicon/glass and the hybrid printheads.

9.2.5 Lifetime

The highest priority in terms of lifetime is assigned to the silicon/glass technology.
The printheads manufactured with this technology have the longest (and practical-
ly unlimited) lifetime and can be damaged only by inappropriate operation. The
lowest priority is assigned to the all-polymer technology, because the printheads
manufactured with this technology were prone to mechanical damage when ex-
posed to operational-like conditions. In terms of lifetime, the entries in the corre-
sponding comparison matrix were based on the following judgements: the sili-
con/glass technology (4,) is slightly favoured over the hybrid technology (4,) and
extremely favoured over the polymer technology (43): a;; = 3 and a;3 = 9. The
hybrid technology is very strongly favoured over the polymer technology: a,; = 7.

9.2.6 Lead time

The comparisons regarding lead time were based on an expected time of 42 days
for the silicon/glass printheads, 28 days for the hybrid printheads and 8 days for
the all-polymer printheads. These durations were transferred into entries of the
comparison matrix using the following verbal judgments: The silicon/glass print-
heads (A;) are slightly inferior to the hybrid printheads (4,) and strongly inferior
to the all-polymer printheads (A43): a;, = 1/3, a;3 = 1/5. The all-polymer print-
heads are slightly superior to the hybrid printheads: a;, = 3.
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9 TECHNOLOGY SELECTION USING THE ANALYTICAL HIERARCHY PROCESS

9.2.7 Costs

The comparison of the three techniques in terms of costs was based on the cost
analyses in Section 1.1 (silicon/glass), Section 7.2.5 (hybrid) and Section 8.2.5 (all-
polymer). The highest priority was given to the polymer technology (43) according
to the verbal judgments “very strongly favoured over the silicon/glass technology
(A1)”: az1 = 7) and “slightly favoured over the hybrid technology (4,)": as, = 3.
The hybrid technology was considered to be strongly favoured over the sili-
con/glass technology: a,; = 5.

9.3 Synthesis

In this final evaluation step, the three technologies were evaluated using the ideal
synthesis mode according to Section 3.5.2. The ideal mode was preferred over the
distributive mode because the purpose of the decision process was to select the
technology that best meets a given set of criteria and the priorities of the not cho-
sen technologies were of no relevance.

The first step of the synthesis process was to obtain the global priorities of the
sub-criteria €y to Cy4. This is done by multiplying their local priorities by the pri-
ority of their parent C;, which is 0.589 for the customer needs represented by the
matrix A, and 0.439 for the customer needs represented by B:

We11 We11 0.250 0.147
W12 _ [ Wec1z ) _ [ 0.250 | . _ | 0.147
Wc13 | wers Weia = 0.250 0.589 = 0.147 (9.3)
We14/ Groa Weia/ ok 0.250 0.147
We11 We11 0.250 0.110
Wei2 _ | We1z ) _(0.250 | . _( 0.110
Wei3 | wers Werp = 0.250 0.439 = 0.110 (9.4)
Wc14/ Lo Weia/ ok 0.250 0.110

According to Equation 3.10, the priority of each technology with respect to the
overall goal was calculated as the sum of the product of each criterion’s global pri-
ority (7 criteria) times the priority of the technology with respect to that criterion:

7
Dai = Z W; * Qaicjy (9.5)
=

In the following example, the priority of the silicon/glass technology is calculated
with respect to the customer needs represented by the comparison matrix A:
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9.2 Comparison, consistency analysis and prioritisation

par = (0.147 - 1) + (0.147 - 1) + (0.147 - 1) + (0.147 - 1) + (0.292 - 1) + (0.055 - 0.165)
+(0.064 - 0.111) = 0.896 (9.6)

Similarly, the priorities of all technologies were calculated with respect to 4 and B.
The corresponding values are shown in Table 9-4. For the customer needs repre-
sented by A4, the first rank was obtained by the silicon/glass technology (4;) which
yielded the highest priority value of 0.896. The second and third ranks are taken by
the hybrid and the all-polymer technologies whose priorities were calculated to
0.680 and 0.235, respectively. Given the customer needs represented by matrix B,
the most appropriate technology is the hybrid silicon/polymer technology which
yielded a priority value of 0.610, followed by the all-polymer and the silicon/glass
technologies with very close priorities of 0.571 and 0.570, respectively.

Under certain conditions, this situation may change and the polymer technology
might become a stronger competitor to the silicon/glass and the hybrid technolo-
gies. This might be the case when the all-polymer technology is further developed
or when the intention is to provide printheads with costs and lead time having
higher priority than performance and lifetime.

Table 9-4: Synthesis according to the criteria prioritisation in Table 9-1. A;, A, and A; are the
technologies to be evaluated (silicon/glass, hybrid and all-polymer, respectively). C;, to C, are the
criteria upon which the evaluation is based, together with their corresponding global priorities. The
elements in the decision matrices indicate the priority of each technology with respect to the above
criterion.

According to the prioritisation in matrix 4
C11 Ci2 Ci3 Cia Ca Cs Cy
0.147 0.147 0.147 0.147 0.292 0.055 0.064 Priority Rank
Ay (1.000 1.000 1.000 1.000 1.000 0.165 0.111) 0.896  1st

A, 10405 1.000 1.000 1.000 0.443 0.405 0.430 0.680 2nd
A; \0.165 0.143 0.200 0.112 0.084 1.000 1.000 0.235  3rd

According to the prioritisation in matrix B
Ci1 Ciz Cis Ciq C; Cs Cq
0.110 0.110 0.110 0.110 0.062 0.229 0.269  Priority Rank

A; (©1.000 1.000 1.000 1.000 1.000 0.165 0.111 0.570  3rd
A, (0405 1.000 1.000 1.000 0.443 0.405 0.430 0.610 1st
A; \0.165 0.143 0.200 0.112 0.084 1.000 1.000 0.571  2nd
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10 CONCLUSIONS

In this thesis two alternatives to the established silicon/glass micromachining
technology were investigated by using TopSpot microarray printheads as a case
study. The investigated alternatives were TopSpot printheads fabricated in hybrid
silicon/polymer technology and all-polymer printheads. The criteria for selecting
the most appropriate technology were “performance”, “life time”, “lead time” and
“costs”.

The main conclusion of the work is that the manufacturing costs per printhead can
be reduced by approximately 60 % without affecting the printing performance and
without changing any dimensional parameters. The cost reduction applies to the
whole studied production volume range of 10 to 100 printheads and was achieved
by the hybrid silicon/polymer technology. With the hybrid printheads, the ad-
vantage of uniform and precise nozzles fabricated by silicon micromachining is
retained and material and processing costs are reduced by replacing glass compo-
nents with polymer ones. The hybrid process enables an increase of the manufac-
turing yield from 60 % to 70 % and reduction of the production lead time by more
than 30 %. It also renders expensive micromachining of glass unnecessary and in
combination with shorter lead times enables to react faster to changing customer
requirements.

Further cost reduction and even shorter lead times can be achieved with
all-polymer printheads in which both glass and silicon components are replaced by
polymers. However, commonly used polymer technologies such as injection
moulding, hot embossing, PDMS and/or SU-8 technology turned out to be inap-
propriate due to requirements such as small production quantities (excludes injec-
tion moulding), homogeneous production of through holes (excludes hot emboss-
ing), high nozzle stiffness (excludes PDMS) and multilayer structures (excludes
SU-8). In order to avoid these limitations, a novel technology utilising the pro-
cessing of TMMF dry film resist on a semi-finished polymer substrates was devel-
oped and proof-of-principle experiments with all-polymer printheads were carried
out. The manufacturing costs of the all-polymer printheads were about 80 % lower
compared to the silicon/glass printheads without changing the overall size. Simi-
larly to the hybrid technology, the cost reduction applies to the whole production
volume range of 10 to 100 printheads. The expected lead time was reduced by ap-
proximately 76 %, which is another clear advantage over the silicon/glass and the
hybrid technologies. However, experimental results showed that the polymer
technology is not yet mature and further research and development is needed to
make it ready for industrial exploitation. Major drawbacks are the inferior printing
accuracy due to the lack of appropriate methods for hydrophobisation of the noz-
zles, the short lifetime and the higher risk of cross-talk and carry over due to the
lower bonding quality.
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10 CONCLUSIONS

The evaluation of the technologies using a method for multi criteria decision mak-
ing showed that the silicon/glass technology is still superior as long as the highest
importance is paid to the requirements “performance” and “life time”. Considering
a different customer profile assigning the highest importance to “performance”
and “costs” leads to a different ranking with the highest priority assigned to the
hybrid technology. The all-polymer technology is not yet competitive to state-of-
the-art devices for printing of microarrays, but is extremely promising in terms of
“cost” and “lead-time” reduction. Based on the obtained results, another important
conclusion is that, depending on the requirements, silicon based solutions can add
value to microfluidic devices and justify the higher costs compared to all-polymer
solutions.
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APENDIX

Table A 1: Expenditure of time for the processes involved in the manufacturing of the silicon/glass
printheads [251]. Time variation is due to rework and operator dependency. The number of the
considered wafers is 10.

Processing time in minutes

Process block | Step | Process Operator Machine
1 | Fabrication start 10 10
Start
2 | Wafer measurement 15 15
3 | Thermal oxidation I 60 1770
. 4 | Lithography I 80 290
Lithography I
5 | RIE 60 230
6 | Plasma ashing 10 60
Lithography II 7 | Lithography II 140 410
8 | DRIEI 300 1200
DRIE I -
9 | Plasma ashing 20 90
10 | DRIEII 240 600
11 | Plasma ashing 30 90
DRIE II - -
12 | Collection of yield data 5 5
13 | Wet etching SiO2 60 90
14 | Thermal oxidation 100 450
Lithography III 15 | Lithography III 140 310
16 | RIE 30 90
17 | DRIE III 120 700
18 | Plasma ashing 5 30
DRIE III - -
19 | Collection of yield data 5 5
20 | Wet etching SiO; 30 30
Passivation 21 | Thermal oxidation 60 240
Bond 1 22 | Anodic bonding (bottom) 180 450
on
23 | Collection of yield data 10 10
Bond II 24 | Anodic bonding (top) 120 450
Dicing 25 | Dicing 1200 1370
] ] 26 | Final inspection and test 600 600
Final Inspection —
27 | Fabrication end 5 5
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APPENDIX

Table A 2: Fabrication process and processing time for the hybrid printheads. The number of the
considered wafers is 10.

Process block

Step

Process

Processing time in minutes

Operator Machine
Start 1 Fabrication start 10 10
2 | Wafer measurement 15 15
Lithography I 3 Lithography I 140 410
4 | DRIEI 300 1800
DRIE I 5 | Plasma ashing 20 90
6 | Collection of yield data 5 5
. 7 | Aluminium coating 20 70
Lithography I 8 | Lithography II 140 310
9 | DRIEII 120 700
10 | Plasma ashing 5 30
DRIETI 11 | Collection of yield data 5 5
12 | Aluminium etching 30 30
Passivation 13 | Thermal oxidation 60 240
Sealing 14 | Lithography III 120 410
15 | Collection of yield data 10 10
Dicing 16 | Dicing 200 230
Assembly 17 | Assembly 300 0
Final inspection 18 | Final inspection and test 600 600
19 | Fabrication end 5 5

Table A 3: Fabrication process and processing time for the all-polymer printheads. The number of
the considered wafers is 10.

Processing time in minutes

Process block | Step | Process Operator Machine
Start 1 | Fabrication start 10 10
: 2 | Lithography I 120 410
Lithography I 3 Collection of yield data 5 5
. 4 | Lithography Il 120 410
Lithography II 5 | Collection of yield data 5 5
Dicing 6 | Dicing 200 230
Final inspection 7 | Final inspection and test 600 600
P 8 | Fabrication end 5 5
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